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ARTICLE INFO ABSTRACT

Keywords: Researchers have been asking the question of what drives the development of working memory

Working memory (WM) during childhood for decades. This question is particularly challenging because so many

Cognitive development aspects of cognition develop with age that it is difficult to disentangle them and find out which

Attention factors are causal or fundamental. In this review, we first prepare to discuss this issue by inquiring
whether increases in storage, processing, or both are the fundamental driving factor(s) of the age-
related increase in WM capability in childhood. We contend that by experimentally manipulating
either factor and observing changes in the other, it is possible to learn about causal roles in WM
development. We discuss research on school-aged children that seems to suggest, by means of
such an approach, that the growth of storage is causal for some phases or steps in WM tasks, but
that the growth of processing is causal for other steps. In our theoretical proposal, storage ca-
pacity of the focus of attention determines earlier steps of information processing by constraining
the selective encoding of information into WM, whereas processing dependent on the focus of
attention determines later steps, like the detection of patterns that can simplify the effective
memory load and adoption of a proactive stance of maintenance in dual-task settings. Future
directions for research are discussed.

Introduction

Humans undergo incredible changes in their cognitive abilities from infancy to adulthood (e.g., Cowan, 2022). Perhaps one of the
most noticeable changes is the increase in working memory (WM) capability during childhood. WM, as we use the term here, is the
ability to hold information in a heightened state of availability, readily accessible to conscious manipulation, during an ongoing task
(Baddeley & Hitch, 1974; Cowan, 2017a). WM abilities predict many complex cognitive abilities and educational outcomes, such as
reading, reasoning, mental calculation, problem-solving, and school achievement (Cowan, 2014; Daneman & Carpenter, 1980; For-
moso et al., 2018; Gathercole, Pickering, Knight, & Stegmann, 2004; Hitch, 1978; Pickering, 2006; Siegel, 1994; Simms et al., 2018;
Siif et al., 2002). Therefore, unveiling the sources of WM development in childhood is fundamental to better understanding how
children learn and, ultimately, to improving educational practice.

Here we address one of the most difficult issues that has plagued researchers of WM development: that with so many changes taking
place during development, it is difficult to figure out which changes are fundamental. In several previous articles, Cowan and
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colleagues have addressed aspects of this issue. Cowan et al. (2002) illustrated the usefulness of finding measures that yield invariant
results across different levels of task difficulty. Cowan (2016, 2017b) presented research in which capacity could be shown to increase
with age even with certain confounding factors held constant (encoding speed, knowledge, attentional filtering ability). Cowan (2022)
explored the opposite side of that coin, finding certain processing factors that can help account for increases in capacity. Here, we
continue this line of inquiry by asking how we might determine whether the most fundamental basis of developmental growth in WM is
a growth in storage, processing, or both. Most of the relevant research from which we have been able to disentangle processes involves
tasks that can be administered from the early elementary school years through adulthood, so that is the focus of our review.

In the remainder of the article, we first attempt to summarize what is known about WM capability as measured by the number of
items remembered. Then we discuss the debate about the roles of storage and processing in developmental improvements in WM
capability. (We use the word capability for performance level in order to reserve the term capacity more specifically for when we wish
to discuss storage rather than processing; we assume that WM storage capacity plus relevant mnemonic processing of the stored in-
formation, including processes that maintain and/or improve the stored representations, together yield the participant’s WM capa-
bility.) Next, we examine studies that have focused on several types of potentially relevant mnemonic processing, in turn, as the basis
of capacity development; and then we turn to other studies that instead favor storage capacity as the basis of developmental change.
We propose, however, that the answer may not be uniform for all stages of a WM task. For example, it is possible that storage plays a
critical role at encoding, with the scope of attention determining how well encoding focuses on the relevant stimuli, while processing is
critical for maintenance, with the use of strategies to reactivate and elaborate the material critical in the post-encoding period before
the memory test. Storage and processing nevertheless may both depend on the focus of attention as a common resource that increases
or improves with development.

With that background in place, we describe our program of research in which we have tried to disentangle storage from processing
and indicate areas of progress and priorities for future research to help settle this key question of the nature of development. Our efforts
focus on development beginning in the elementary school years, using techniques derived largely from the adult literature. However,
milestones of earlier infant and child development, where the same techniques cannot be applied, will be briefly described to provide
further context to our work.

Describing the WM developmental growth that is to be explained

The developmental changes in WM culminate in an adult capability of around 7 verbal items when it is possible to use mnemonic
strategies such as verbal rehearsal and chunking (as described by Miller, 1956, e.g., gathering items together into a remembered
structure, such as remembering the letters in the acronym USA). When such strategies are prevented, only 3 or 4 separate objects or
chunks are typically remembered (Cowan, 2001), such as in the retention of meaningless visual objects (e.g., Adam et al., 2017; Luck &
Vogel, 1997); in the retention of verbal materials in a running span situation, in which the endpoint of the list is unclear (e.g.,
Broadway & Engle, 2010; Bunting et al., 2008); or when the verbal items are presented in a brief spatial array, and/or with rehearsal
suppressed (e.g., Murray, 1965; Ricker et al., 2020). Both the larger and the smaller estimates of WM capability undergo changes from
infancy to adulthood, in a quantitative increase in the amount of information that can be held and, as we will see, in a qualitative
maturation in mechanisms involved.

WM capability increases markedly until adolescence and peaks around the age of 20 years and then declines gradually in old age
(Bopp & Verhaeghen, 2005; Brockmole & Logie, 2013; Dempster, 1981; Hester et al., 2004; Simmering, 2012; Wingfield et al., 1988).
Our review focuses on what occurs during the elementary school years, but we mention some of the infant literature to give a fuller
picture of development.

A rapid increase in WM capability can be observed even during the first year of life, although the capability estimates are not
necessarily comparable to the adult and children’s data, given the experimental constraints of testing babies. Infant researchers have
suggested that, in some contexts at least, babies demonstrate a WM capability of one item at the age of 6 months (Kaldy & Leslie, 2005;
Kibbe & Leslie, 2016) and that this effective capability reaches three to four items by the end of the first year of life (Kibbe & Leslie,
2013; Oakes et al., 2006; Oakes et al., 2009; Ross-Sheehy et al., 2003; for a review see Buss et al., 2018). However, as infant researchers
may generally realize, tasks used with infants cannot provide capability measures that are fully comparable to child and adult data. The
premise that one-year-olds can maintain between 3 and 4 items in WM would be surprising because it implies that they have the same
capability observed in adults (Alvarez & Cavanagh, 2004; Awh et al., 2007; Cowan, 2001; Cowan, 2010; Cowan et al., 2004; Luck &
Vogel, 1997; Todd & Marois, 2004). School-aged children (7- to 9-year-olds), on the other hand, show capability estimates ranging
from 1.5 to 2.5 items in WM (Gilchrist et al., 2009; Cowan et al., 2010; Cowan et al., 2011; Cowan et al., 2015). Instead of implausibly
suggesting that infants can already hold about 3 items in mind, but that WM regresses from infancy to childhood and later recovers its
capability, Cowan (2016, 2017b) suggested that the infant tasks are necessarily less demanding. For example, infant procedures may
not require memory of all features of the items to be retained, and the feature richness of representations appears to increase markedly
in infancy. Demonstrating this early developmental change, Zosh and Feigenson (2012) tested the hypothesis of incomplete object
representations in WM by surreptitiously swapping objects hidden in a box. If infants can hold three object identities in WM (rather
than generic, non-individuated representations), they should continue to search for the original objects in the box after retrieving
different objects from it. The results showed that 18-month-old babies continued to search the box only when 1 or 2 objects were
hidden but stopped searching for the original objects at set size three. The authors suggest that 18-month-old infants can maintain up to
three object representations in WM but, once this limit is reached, they often forget the objects’ identities. Many issues are yet to be
solved in infant research, but either the number of object files or the completeness of these files must develop in infancy (as discussed
further by Cowan, 2016, 2017b).
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Early studies on WM development in children focused on memory for verbal material and the acquisition of verbal strategies such
as labeling and articulatory rehearsal. A hallmark review by Dempster (1981) showed a constant increase in verbal WM spans from 3 to
12 years, and this observation has been replicated many times. For instance, Cowan et al. (1999) showed that first graders had a mean
span of 5.38 digits, fourth graders of 6.4, and adults of 7.4. Such spans were obtained in procedures allowing for verbal rehearsal. Two
recent longitudinal studies including samples of about 13,300 (Reynolds et al., 2022) and 3,500 children (Ahmed et al., 2022) showed
that verbal spans (forward and backward digits) grow in a curvilinear pattern during childhood. By the end of elementary school years,
the function between digit span and age decelerates.

The WM capability for visuospatial information also develops during childhood, with a faster increase for static visual patterns (e.
g., two-dimensional arrays) than for spatial sequences (Logie & Pearson, 1997), but both grow monotonically between the ages of 5
and 12 years. WM capability on simple tasks stabilizes at the beginning of adolescence, around age 12 (Luciana & Nelson, 2002), but
the efficiency of its functioning is not optimized until at least around the end of adolescence (e.g., Gathercole, Pickering, Ambridge, &
Wearing, 2004). Performance in tasks that are more reliant on the prefrontal cortex activity, such as those requiring participants to
simultaneously maintain and manipulate spatial information (e.g., the reverse Corsi task), keeps improving until at least 15 years
(Conklin et al., 2007). On the other hand, tasks that are supported by more posterior areas in the brain reach adult levels earlier: for
instance, the recognition of verbal material and faces have been found to reach optimal performance at age 9 (Conklin et al., 2007), and
recall performance of isolated spatial locations has been found to develop until the age of 12 years (Luciana et al., 2005).

Regarding the smaller estimate of WM capability, there is an ongoing debate in the field on whether WM is limited to a fixed
number of slots to store chunks or whether its limits are flexible depending on the visual complexity of the items, the salience of its
visual features, task goals, and attentional allocation during the task (Bays & Husain, 2008; Bays et al., 2011; Hardman & Cowan, 2015;
Lilburn et al., 2019; Ma et al., 2014; Schneegans & Bays, 2016). The precision of visuospatial representations (Lilburn et al., 2019;
Roggeman et al., 2014; Xie & Zhang, 2017) and the number of bindings (Oberauer, 2019) have also been pointed out as limiting factors
of WM. For items fitting clear categories so that the precision of representations is not an issue, we believe that the pure capacity limit
of WM is about 3 to 4 chunks that can be simultaneously represented in the focus of attention (Cowan, 2001).

In school-aged children, the corresponding measures of this capacity have been shown to be lower, with estimates ranging from 1.5
to 2.5 chunks and/or single features (Gilchrist et al., 2009; Cowan et al., 2010; Cowan et al., 2015; Forsberg, et al., 2022). For instance,
in memory for unrelated sentences, seven-year-olds were able to access around 2.5 clauses when presented with lists of four shorts
sentences, as measured by the correct recall of at least one content word from a sentence (Gilchrist et al., 2009). When presented with
colored shapes in spatial arrays, seven-year-olds were found to remember about 1.5 items in a static presentation condition (Cowan
et al.,, 2010) and 1.9 items in a sequential presentation condition (Cowan et al., 2011).

Interestingly, despite their lower capability estimates in a color-recognition task, seven-year-olds have meta-cognitive reports of
remembering three colors — an estimation that remains roughly constant through elementary school years to adulthood (Forsberg et al.,
2021). Although the estimated number of items in WM increased from about one (first graders) to three items (college students and
parents), Forsberg et al. found that the meta-cognitive reports remained stable around 3 to 4.5 items, depending on the presented set
size, across all age group. Such meta-cognitive judgments may reflect the sense of knowing how many items were memorized in some
way, rather than specifically remembering the probed item in sufficient detail.

The discrepancy between meta-cognitive judgements and capability estimates in school-aged children suggest that, although they
cannot reliably report memory for all the items in the array, they know that something was encoded into WM. Forsberg et al. (2022)
found that, when a more lenient criterion is adopted and the calculations were based on an estimate of the number of objects for which
at least one feature is known (location, color, orientation, or more than one of these), the capability estimates were 4.2, 5.1, and 5.6
items for, respectively, children (6-7 years), adolescents (11-13 years), and adults (18-25 years). This calculation based on any-one-
feature may reconcile the paradoxical results between infant and child studies: it could be that the traditional method of probing one
feature (e.g., a color probe) might underestimate children’s capability in terms of the number of objects, whereas they know something
about the encoded objects, but not necessarily the probed feature that allows the question to be answered correctly. Alternatively,
children may be aware of information they fleetingly had in the focus of attention but may be unaware of the effects of interference that
may remove some of that information by the time of the test.

Halford et al. (2005) proposed that the number four was a constraint on cognitive growth in another way. They demonstrated that
adults can only process a maximum of four variables at once, to be associated with one another, while solving reasoning problems. An
example of the inter-association between only two variables is when one keeps in mind that a silver key works for the front door to the
office building only, whereas a gold key works for one’s office but not the front door. In examining adults’ interpretation of statistical
interactions between variables, Halford et al. found that the practical limit in understanding was three variables. According to
Halford’s (1993) theory, human reasoning relies on relational mental models that are learned via experience, and these mental models
serve as structures to represent information in the mind (e.g., categorical knowledge, inclusion and exclusion relations, hierarchical
ordering). Children integrate more dimensions into mental models as they grow, going from understanding unary concepts (e.g., class
membership, Mouse[Mickey]) and binary concepts in early childhood (e.g., larger than[lion, mouse]), to ternary concepts (e.g.,
addition[2 + 2 = 4]) at age 5, and quaternary concepts (e.g., proportion(1/2 = 4/8) at age 11 (Halford et al., 1998). The interesting
observation that the maximum number of variables in a mental model approximately corresponds to the estimated adult capability of
WM (Halford et al., 2007) could occur because we remember the current contents of the focus of attention through associations be-
tween the items.

In sum, WM capability increases markedly in childhood and even in the first year of life. This increase is observed in the verbal and
visuospatial domains, for simpler, unitary features (colors, shapes), but also for more complex, bound representations. During school
years, span measures increase monotonically until adolescence and finally reach the adult level of about 7 items when rehearsal and
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grouping are possible and otherwise only 3-4 items in WM. Next, we will address how the processing of information is optimized
during childhood, with a focus on how attention plays a role in such development.

WM development in childhood: A matter of storage, processing, or both?

There is systematic improvement in various measures of WM across development from infancy to young adulthood, (Cowan, 2022;
Gathercole, Pickering, Ambridge, & Wearing, 2004). Understanding why WM develops is important both theoretically and practically.
An impediment to doing so, however, is that so many different traits improve with development that it is difficult to disentangle them.
Knowing which traits change fundamentally with age and which ones are secondary consequences of the fundamental changes is
essential to unveil the sources of WM development in childhood. In this review, we ask about the causal pathways between WM storage
and the processing of WM information, both of which appear to improve with development. To this end, we adopt the definitions of
storage as the persistence of information in WM and processing as an operation upon the memory representation in some way — even if
that operation is just the recurrent activation of a mental representation by means of rehearsal and/or refreshing, without necessarily
modifying the features or identity of the representation in itself. Note that our definition of processing accommodates both the use of
maintenance strategies that are supposed to simply strengthen or stabilize memory traces (e.g., refreshing, consolidation) without
altering the nature of the representation (Camos et al., 2018, Jolicceur and Dell’Acqua, 1998), and those that somehow modify it (e.g.,
by integrating information into it, as when using semantic elaboration, or by chunking items) (Miller, 1956; Pressley 1982). The
allocation of attention and the removal of items from WM are also phenomena that are included in our definition of processing.
Operations are made to information in WM in all cases: in the first example, the strength/stability of memory traces are changed; in the
second, features of the representation are enriched; in the third, a subset of the content is prioritized.

Through these definitions, we propose that changes in storage and processing subsume all accounts of WM development; and that
these two overarching factors underlie all the developmental changes in WM happening during childhood. Table 1 exemplifies
different situations that fall within the definitions of storage and processing adopted in this article.

It is theoretically possible that the mechanisms to hold information passively in WM do not change with development, but that the
observed WM measures show increases because of improvements in mnemonic processes. These processes can be used to increase WM
representation of stimuli or ideas by refreshing the representations (Barrouillet et al., 2011), by improving them (Ricker & Vergauwe,
2022), or by protecting them from interference (Oberauer et al., 2012). Alternatively, it is possible that WM storage increases for
fundamental reasons, for example, due to biological maturation of the brain regions involved in storage, and/or the increase in
knowledge and improvement in understanding of information being stored. Then it is further possible that increases in WM storage
underlie optimization in processing. Specifically, the storage increases could allow developing children to have better mental tools for
such processes, for instance by holding in mind the task goal (Kane & Engle, 2003; Marcovitch et al., 2010), remembering mnemonic
strategies that can be used, and executing those strategies. For example, what appears to be an increase in the speed at which attention
can be used to refresh items in WM could actually result from refreshing all items simultaneously in a capacity-limited WM, with
increases in the storage capacity resulting in a faster effective rate at which the whole set of items can be refreshed (Lemaire et al.,
2018). That possibility would be an instance of the view that storage increases promote optimization in WM processing. In research on
children from the early elementary school years through adulthood, we see that both storage and processing can be viewed as primary
sources of WM development in different situations, and that each one has an effect on the other in particular ways.

Different stages in a WM trial can rely on storage and processing factors. For example, imagine an experimental situation in which a
child is given the instruction “When I say go, put the camera, the turtle, and the globe into the box” and waits for the command “Go!”.
In a first stage, the relevant information must be encoded and stored in the focus of attention. In a second stage, the child might be
presented with distractions, which could be accidental events in the testing room, deliberately placed distractions in the task materials,
or even information that automatically occurs to the participant (through mind-wandering from the task). These must be suppressed
for optimal performance to be achieved. In these two initial stages, storage capacity (here understood as being determined by the size
of the focus of attention) might restrict the ability to selectively encode task-relevant information and filter out distractors. In a third
stage, the task-relevant information (camera, turtle, globe, wait until you hear “Go!”, put into the box), may have to be briefly held in
the focus of attention, all at once or several at a time, in order for them to be encoded in a way that can be remembered when the
response is required. In a fourth stage, it may be possible for the participant to simplify the materials by combining items, in this case

Table 1
Definitions and examples of storage and processing in WM.
Concept Definition Examples
Storage The persistence of Storage of items, e.g., Storage of goals, e.g., task
information in WM. sequences of objects, instructions.

letters, words, locations.

Processing ~ Operation upon Allocation of attention, e. Activities for the maintenance of Improving the Carrying out a separate task
representations in g., prioritizing some the stored information, e.g., encoding through upon demand, e.g., in a
WM in some way. perceptual stimuli and/or implementation of rehearsal, pattern detection to dual-task setting, alternate
mental representations refreshing, the recoding of the assist storage, e.g., between two tasks and
over others. memorized material, chunking chunking items. change the contents of WM
items based on long-term accordingly.
knowledge.
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creating the possibly novel imagined event in which the turtle is using the camera. This newly imagined event can be memorized well
enough so that it can free up the focus of attention, possibly being stored as a newly-learned, still-active entry into long-term memory.
With this freed-up memory, the participant can continue to think of other things, such as the last item to be remembered, the globe.
Eventually, the imagined event can be built up further, for example, if it is imagined that the turtle with the camera is taking a picture
of the globe. Once the material is encoded in the best way that the participant is able, this information may still have to be processed
further to prevent it from becoming unavailable during a delay until it is time to use it. The child might continue to imagine the event,
refresh the activity level of that memory, or might rehearse it in verbal form. The success of correctly placing the items inside the box
upon hearing “Go!” depends both on capacity (the size of the focus of attention) and on the way the information is processed
(imagining a novel pattern between the items and maintaining it until the end of the trial).

There might be limits in capability that apply to more than one stage of the above example. The main manner in which we suggest
that these various capabilities can be examined is by placing extra demands on one factor (storage or processing) and observing al-
terations in the other one. If some capability to store information is fundamental, then altering the storage demands should have an
influence on what happens downstream in processing; with more items to be remembered, the result can be that less of that storage
capability is available to support processing. Conversely, if processing is more fundamental, then altering the processing demand may
influence how many items can be stored. Last, if some third factor such as neural integrity has an across-the-board influence on both
storage and processing, then both directions of influence can take place. We would suggest, however, that the answer need not be
uniform across all steps of the task, such as the steps suggested in the above example. It is possible, for example, that for encoding,
storage is fundamental whereas, for maintenance, processing is fundamental.

Developmental researchers have asked for a long time what are the sources of cognitive development in children, and much focus
has been put on disentangling storage limitations from processing limitations to explain lower WM capability in children (a review by
Chi, 1976, illustrates this point). Burtis (1982) noted that one can distinguish between an underlying structure constraining WM
capacity (i.e., a short-term storage space) and its manifest performance (i.e., any given measure of WM performance, such as spans),
the latter being influenced by factors other than storage space per se. The development in WM performance during childhood could be a
result of a genuine capacity increase, an optimization in control processes, or a combination of both. The first theory we consider
predicts that optimization on processing drives the increase of WM storage. The next theory is the opposite, that storage growth during
childhood leads to an improvement in how children process information. The third theory states that there is a general growth in both
the processing and storage functions of WM, with children becoming more proficient in allocating resources to these two functions as
they grow.

Is the development of processing in WM tasks causal?

Processing is a generic term referring to how information is filtered out, encoded into, selected, prioritized, and maintained in WM.
Attention and long-term knowledge play a pivotal role in how information is processed in WM. Specifically, in the embedded-processes
view, items consciously represented in WM are maintained in the focus of attention in a prioritized state compared to other mental
representations in long-term memory and other sources of information from the environment (Cowan, 1988, 2019; Cowan et al.,
2021). The scope and direction of the focus of attention are controlled by a group of processes known as the central executive (as in
Baddeley, 1986), which implements voluntary control over the direction of attention and various processes. In a WM task, the focus of
attention must contain not only items to be recalled (at least when they are first encoded); it also must contain any task goals and
procedures that have not become habitual. Therefore, within the embedded-processes view, the problem of the development of
processing is one relating to the limits of attention and its operating mechanisms in WM.

A large stream of work suggests that WM develops because its processing efficiency is optimized throughout childhood. In general
terms, the processing account holds that storage capacity (of the focus of attention and otherwise) is constant throughout development
and that the efficiency of its inner mechanisms determines how many items can be stored, with children becoming more proficient in a
series of control mechanisms in WM as they grow. The term “efficiency” is rather vague in this context and can refer to the speed of
mental processes (Case et al., 1982; Kail & Park, 1994), the ability to use attention to select relevant stimuli among distractors (Zukier
& Hagen, 1978; Plebanek & Sloutsky, 2019), the control of executive attention to manage tasks (Engle & Kane, 2004; Kane et al.,
2007), or even the implementation of maintenance strategies (Camos & Barrouillet, 2011; Chi, 1976; Lehmann & Hasselhorn, 2007). In
all cases, it refers to the use of processes to get the most out of a fixed amount of storage. We will break down this section to cover all
these purported sources of development in processing efficiency in order to provide the reader with an overview, starting with
attentional mechanisms that are a core interest in our research agenda.

Attention and its control

Attention is a multi-faceted human ability that serves many functions. These include maintaining the level of alertness (Davies &
Parasuraman, 1982), selecting information from sensory input (Broadbent, 1958), and modulating behavioral responses (Berger et al.,
2018; for a review on the properties of attention see Chun et al., 2011). We will discuss exclusively the aspects that are relevant for the
argument to be developed later, that is, selectivity and the executive control of attention.

Selective Attention. Selectivity is a property of attention that rapidly develops in infancy and modulates processing in WM.
Selective attention is the ability to focus on task-relevant stimuli (or stimulus features) and ignore distractors. From a WM perspective
and within the embedded-processes view (Cowan, 1988; Cowan et al., 2021), such operation corresponds to the allocation of mental
representations in the focus of attention, either by means of voluntary executive control or by exogenous, stimulus-driven attentional
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recruiting.

Research on selective attention in infants and young children traditionally used binary decision tasks, speeded classification, search
tasks, selective listening (shadowing), and incidental learning paradigms (Lane & Pearson, 1982). These methods share the common
rationale that, in the presence of distractors (i.e., irrelevant stimulus features and/or input channels), responses will be more error-
prone, slowed down, and subject to intrusions from the irrelevant dimension/channel (that is, failure to selectively ignore dis-
tractors will hamper performance).

Typically, studies in selective attention show that children have worse filtering abilities than adults and that such ability improves
with age. In one of the first developmental studies on interference, Comalli et al. (1962) showed that reaction times in a classic Stroop
task decreased linearly from age 7 and peaked around 17-19 years, providing evidence that the ability to filter out interference from
the task-irrelevant dimension (here the printed word) improves during childhood and adolescence despite greater familiarity with the
words. Similar developmental effects have been found in a procedure in which irrelevant speech can disrupt memory for a printed list
(Elliott, 2002). In speeded classification tasks like sorting cards, reaction times become faster and the interference caused by irrelevant
dimensions drastically decreases between ages 6 and 12 years — a reduction of about 5 s when there is only one irrelevant dimension
and of 7 s when there are two irrelevant dimensions to filter (Strutt et al., 1975). Moreover, there is a developmental trend toward
analytic processing of stimulus dimensions; that is, children get better at selectively attending to individual dimensions of a stimulus as
they get older (Thompson, 1994; Ward, 1980). The improvement in selective attention is also observed in the ability to separate
channels and sensory modalities: in doing a continuous matching task regarding the posture of a stick figure, kindergarteners were
heavily disrupted by distractors, especially when these were separated from the target (tones or a border around the stick figure, worse
than by the irrelevant color of the figure itself). Second-graders were less distracted, especially by the tones; and fifth graders are
minimally distracted both by any of the distractors (Smith et al., 1975). With age, children improve their ability to attend selectively to
input channels and stimulus dimensions.

Increasing selectivity in childhood is accompanied by increases in recall of task-relevant material, whereas the incidental recall of
task-irrelevant information remains relatively constant or declines across elementary school years (Doyle, 1973; Hagen, 1967; Hagen
& Hale, 1973; Maccoby & Hagen, 1965; Zukier & Hagen, 1978). For instance, in the study by Maccoby and Hagen (1965), children
were instructed to memorize the background color (the relevant information) of picture cards in the presence and absence of an
auditory distracting task (monitoring musical tones). After being tested on the background colors, they were tested on the identity of
the pictures presented in the sets of cards (irrelevant information). Recall of the background colors increased linearly from first grade
to seventh grade but recall of picture identities remained constant until fifth grade and decreased from fifth to seventh grade. This
pattern suggests an increase in the storage of relevant information until around age 10 (illustrated by better recall of the background
colors by older children), followed by an improvement of selectivity at the beginning of adolescence (illustrated by the decrease in the
incidental recall of picture identities). The auditory distractor task impaired recall of task-relevant information in all age groups, but
this deleterious effect was vastly diminished from third grade onwards. This can suggest either that children improve in protecting
task-relevant information from interference (Dempster, 1992; Leslie, 1975) or that they become better in switching attention between
a distracting processing demand (i.e., the tone monitoring) and the maintenance of task-relevant mental representations (i.e., the
colors) (Barrouillet et al., 2009).

The control of attention is evoked by researchers to explain individual differences in WM capability (Engle & Kane, 2004; Kane
et al., 2007), and, therefore, its developmental increase. Research with adults suggests that individual differences in visuospatial WM
are accounted for by the ability to filter out irrelevant stimuli at encoding, that is, selective attention (McNab & Klingberg, 2008; Vogel
etal., 2005). The argument goes as follows: The filtering ability determines which information will be encoded into WM and allotted to
a fixed amount of slots. For instance, given a storage capacity of about 3 slots and while presented with 6 items, the efficiency in
filtering out the two irrelevant items according to the task’s goals will predict performance. If attentional filtering is flawed and
irrelevant items are encoded, then task-irrelevant information will be processed and stored in WM, producing recall errors. Following
the reasoning applied to adult studies, one can assume that age-related individual differences in WM stem from the fact that, as they
grow, children get better at using attention to prioritize task-relevant items and filter out distractions, therefore saving WM storage
space.

Selective attention indeed improves during childhood (Plude et al., 1994), an improvement that accompanies the increase in
memory capability estimates (Plebanek & Sloutsky, 2019). The overload of unfiltered information in children’s WM could cause task-
irrelevant information to be processed (Plebanek & Sloutsky, 2017), which leads to more inter-item interference that is deleterious to
recall of relevant information (Oberauer & Kliegl, 2001, 2006; Shipstead & Engle, 2013). The fact that selective attention predicts WM
functioning in early childhood (Veer et al., 2017) makes the theory that the improvement of selectivity drives WM development
appealing, but adult results have shown that the argument can go both ways (Poole & Kane, 2009), with either selectivity or WM
capacity predicting the efficiency of the other function.

Veer et al. (2017) designed a longitudinal study in which children were tested at the age of 2.5 and 3 years in short-term memory
WM, selective attention, and response inhibition. The short-term memory task consisted of remembering the location of boxes hiding
toys. The WM task consisted of finding toys hidden in boxes, while keeping track of which boxes had already been searched. The
selective attention task was a simple computerized visual search (finding elephants among horses and bears). Finally, the response
inhibition task was a delay gratification test, in which children had to refrain from touching an attractive gift wrapped in multi-colored
paper and ribbon. Path analysis showed that selective attention at age 2.5 years predicted WM and response inhibition at age 3, the
correlation between selective attention at age 2.5 and WM at age 3 being 0.28, and between selective attention at age 2.5 and response
inhibition at age 3 being 0.17 after controlling for prior levels of WM and response inhibition. The correlation between WM at age 2.5
and selective attention at age 3 was only 0.15. The authors suggest that selective attention in early childhood predicts future WM
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capability, not the opposite.

Despite findings that attentional selectivity develops with age, many results conflict with the view that selectivity per se is the driver
of WM development. For instance, the recall of task relevant information (e.g., words from a shadowed auditory message, Doyle, 1973)
increases monotonically until around age 10, but the incidental recall of irrelevant information (e.g., words from concurrent speech,
Doyle, 1973) remains constant and only starts to decrease after that age. This developmental pattern has been observed in studies using
verbal auditory information (Doyle, 1973); visual information (Hagen & Hale, 1973); and cross-modal information (Maccoby &
Hagen, 1965). Such a pattern suggests that what improves with age is not necessarily the ability to filter out distractors in a constant
capacity WM system — otherwise, incidental recall should also diminish monotonically as the recall of relevant information increases.

To summarize, the view that better attentional allocation drives better WM performance is a popular one in the field. Research on
selective attention and WM seems to suggest that, although selectivity is fundamental for the functioning of WM and it does increase
with age, it cannot fully account for individual differences, including age.

Executive control. Executive attention is conceptualized as the ability to organize the processing of information around objectives,
a set of mental actions that require the intentional maintenance of relevant information, disengagement from task-irrelevant infor-
mation, and resistance to distractors (e.g., Baddeley, 1986; Miyake et al., 2000; Shipstead et al., 2016). According to an influential view
in the literature, individual differences in controlled attention determine both WM capability and fluid intelligence, therefore being a
common underlying factor of these two higher-order cognitive functions (Engle & Kane, 2004; Kane et al., 2004; Kane et al., 2007,
Mashburn et al., 2020; Shipstead et al., 2015). The executive control of attention also appears to develop with age (Atkinson &
Braddick, 2012; Chevalier & Blaye, 2016; Jones et al., 2003), contributing to the development of WM. Some of these authors may
consider executive attention to be coextensive to WM capability. In children, studies using the free-play method' have shown that the
abilities to focus attention and resist distractors start to be observed around the age of 9-10 months and develop during the first four
years of life (Kannass et al., 2006; Ruff & Capozzoli, 2003). Controlled attention in some circumstances continues to develop between
the ages of 4 and 8 years and stabilizes around age 10 (Rueda, Fan et al., 2004; Rueda, Posner et al., 2004). In other circumstances, such
as strategic self-organization, executive function continues to develop into late adolescence (Luciana et al., 2005).

In sum, improvements in selectivity and executive control are observed from infancy through adolescence. The development of
such components of attention is intertwined with the optimization of processing in WM, making attention itself a potential candidate to
explain the age-related growth of WM capability. It is possible, for instance, that WM capability increases because selectivity improves
during childhood, preventing WM from being cluttered with distractors (Veer et al., 2017; Vogel et al., 2005); or that improvement in
the executive control of attention prevents interference-based forgetting or goal neglect (Conway et al., 2003; Engle, 2002).

Next, we will address two other factors that also develop in childhood and influence how information is processed in WM. These are
knowledge and processing speed.

Application of knowledge

Knowledge advances with age, as children form more extensive long-term memory representations. Here we consider the appli-
cation of knowledge to organize and simplify the contents of WM to be a process because it reflects some sort of transformation of the
material held in WM (see definition and examples in Table 1). For example, if one already knows the acronym USA (United States of
America), noticing this knowledge greatly helps in remembering what the sequence of letters is, compared to when one does not know.
The until-then meaningless sequence “U-S-A” is modified as soon as one notices that it matches a long-term representation: at this
point, it becomes a meaningful chunk in WM. Moreover, the intentional application of knowledge can be used to group and organize
the contents of WM, for example when someone tries to memorize the items in a visual display by imagining a familiar pattern (e.g., a
square, a triangle, and a house can form a house with the roof and a chimney on top). The application of knowledge to the material in
this case also changes the content of WM, and we consider it to be a process.

Long-term representations can bootstrap WM performance by means of familiarity (Jackson & Raymond, 2008; Ngiam et al., 2019),
redintegration at recall (Schweickert, 1993), and by providing a resourceful knowledge base for the creation of semantic associations
(Forrester & King, 1971; Poirier & Saint-Aubin, 1995). It is therefore not surprising that memory spans are influenced by knowledge
acquired by children as they grow. The observation that lexicality effects (i.e., better recall of words compared to non-words) increase
with age (Turner et al., 2000; Turner et al., 2004), for instance, provide evidence in favor of the idea that knowledge drives WM
development.

It is hard to draw a fine line between effortful versus automatic use of knowledge in WM by children. For example, redintegration (i.
e., the reconstruction of verbal items at recall), a process considered to underlie lexicality effects, has been proposed to be a rather
automatic influence of long-term phonological representations in speech perception and production during the response phase of a task
(Hulme et al., 1997; Schweickert, 1993). One line of evidence for this view is the fact that lexicality effects are greater in tasks requiring
speech production at response (e.g., probed recall tasks) than in tasks that do not require it (e.g., serial order recognition) (Gathercole

1 The free-play method consists of letting babies and toddlers free to play with a toy of their preference, whilst exposed to competing distracting
play options. The time spent playing with a single toy is then measured and considered an index of focused attention. Note that such an experimental
task is consistent with the aforementioned definition of executive attention in a sense that it requires children to control processing toward a play
objective. Interestingly, though, rapid rather than slow infant habituation of gaze toward an object has been shown to be a predictor of later
cognitive function (Kavsek, 2004), suggesting that deliberate versus captured attention operate differently, with only the former, reflected in free
play, indexing executive function (see Cowan, 1988).
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et al., 2001; Turner et al., 2004; but see Jarrold et al., 2008 for a discussion on the sensitivity of these procedures in detecting those
effects in younger children). On the other hand, redintegration has also been proposed as the basis of phonological rehearsal (Turner
etal., 2004), a maintenance process that is subject to volition. Therefore, it is hard to pinpoint whether the increase in lexicality effects
during childhood results from an automatic influence of knowledge in later stages of information processing (i.e., redintegration at
recall) or in controlled intermediate stages (i.e., during the use of phonological rehearsal for maintenance purposes). Knowledge is
helpful to WM performance in itself, but attention enhances its use during tasks. For the purposes of this review and in agreement with
our proposed definition of processing (i.e., changes to the content of WM, in some way), we will focus our discussion only on the
effortful use of knowledge in service of WM maintenance.

In an often-cited study, Chi (1978) demonstrated that knowledge has a heavy impact on WM performance, by showing that the span
for chess moves was much higher in children (mean age 10.5 years) who were expert chess players than in adults. Memory for digits
was nevertheless superior in these adults than in the children, a result that suggests that specific knowledge about the test material
positively influences span measures. According to our definition of knowledge as a process, one could assume that the expert chess
players benefitted from knowledge because they were somehow applying it to organize the test material. For example, chess experts
could be mentally labeling the names of the chess pieces and relying on specific chess rules to reduce the material.

A follow-up of the chess study conducted by Schneider et al. (1993) included experts and novices in both adult and children group;
the results showed that the advantage of child experts over adult novices was maintained even when asked to recall random com-
positions on the chess board (i.e., pieces arranged in violation of chess rules). However, when tested on a control condition with
colored geometrical wooden pieces (yellow and blue cubes, cylinders, spheres, cones, etc.) positioned on a colored checkerboard, the
effects of expertise (experts > novices) and age (adults > children) on immediate recall were abolished. Interestingly, experts of both
age groups improved at a faster rate than novices in subsequent trials, but the improvement was greater among adults nevertheless.
This latter finding suggests the existence of maturational effects in WM other than simple knowledge acquisition during childhood, and
that adults have greater skills to use knowledge in favor of learning new material. |In sum, the results of Schneider et al. (1993) suggest
that knowledge is no longer useful to WM performance once the memoranda are replaced by a novel (but comparable) version of the
test material, but it can nevertheless bootstrap the learning of the test material.

In another classic study, Schneider et al. (1989) measured the level of expertise in soccer (knowledge about soccer rules) and
reading aptitudes of third, fifth, and seventh graders. The participants were divided into soccer experts and novices, depending on their
knowledge, and tested on text comprehension and memory for a story describing a soccer game. Again, the results showed that soccer
experts had a better memory than novices regardless of age; critically, the effect of knowledge overcame the influence of reading
aptitude, with low-aptitude experts outperforming high-aptitude novices in measures of memory and text comprehension.

However, knowledge alone cannot account for all of the WM development in childhood. Cowan et al. (2015) designed a study in
which the influence of long-term memory on recognition was minimized in a condition presenting unfamiliar characters in a visual
array. The authors compared memory for arrays of English letters (familiar long-term representations) and unknown characters
(unfamiliar stimuli) across different age groups from first grade to college. After the exclusion of children in the youngest group who
did not know the English alphabet well, the results showed a steady increase in capability both for English letters and unfamiliar
characters, following the same developmental pattern. More importantly, when the measures were normalized (z-score transformed)
within conditions but across age groups, the developmental curves for English letters and unfamiliar characters were nearly the same.
Although memory for familiar stimuli is overall better than memory for unfamiliar stimuli, the rate of development for both types of
information was about the same. This indicates that the increases observed in capability were driven by a factor other than knowledge
of the English letters per se. In sum, knowledge improves WM performance in children and adults, but it does not seem to be the driving
factor of WM development during childhood. Had it been the case, the developmental curve for the familiar stimuli in Cowan et al.
should have been more accelerated than the one for unfamiliar characters. Thus, though knowledge develops and clearly influences
WU, it cannot be the sole account of WM development.

Processing speed and efficiency

In accounting for WM span, processing speed has had some successes and some failures. For Case et al. (1982), the process was the
speed of identifying items to be used in the WM test, and the suggestion was that faster speed produces more efficient memory in some
way. Reducing adults’ speed by making the items unfamiliar also commensurately reduced their span, so that a single linear function of
speed versus span resulted across a wide range of age groups (3 years to adulthood).

For others, the process of interest was verbal rehearsal. The rehearsal speed notion (from Baddeley et al., 1975) was that infor-
mation in WM decays and is lost within several seconds if it is not reactivated quickly enough through rehearsal. Again, the relation
between speed and span was found to be linear across age groups (e.g., Hulme & Tordoff, 1989; Kail & Park, 1994). Flavell et al. (1966)
already had shown that span measures increase with age (recently replicated by Elliott et al., 2021, showing that even many 5-year-
olds can already use some rehearsal). Between ages 8 and 10 years, children progressively shift from simply labeling the items to
adopting cumulative rehearsal, especially for earlier positions in a list (Guttentag et al., 1987; Lehmann & Hasselhorn, 2007). This idea
was largely reflected by research in the 1970s and the 1980s suggesting that learning and intellectual disabilities were caused by verbal
production deficits that could be remediated by teaching children how to rehearse (Bray & Turner, 1986; Brown, 1974; Flavell, 1970;
Leslie, 1980). The extent of use of cumulative rehearsal by children is predicted by their WM spans and children become faster in
articulating, which is taken by researchers as evidence that rehearsal efficiency is a driving factor of the increase in WM capability
during childhood (Hitch et al., 1989; Kail & Park, 1994; Lehmann & Hasselhorn, 2007).

Still others (Camos & Barrouillet, 2011; Cowan, 1992; Gaillard et al., 2011) have suggested that a process of using attention to



L. Superbia-Guimaraes and N. Cowan Developmental Review 69 (2023) 101089

refresh items before they decay may be involved. In this line of studies, attention is thought to alternate between storage and pro-
cessing functions in WM and used to counteract decay when it is free from processing requirements. In complex span tasks, the
experimental manipulation of the interval between storing and processing information — either by means of changing its total duration,
or by increasing the number of items to process — has yielded evidence that the efficiency of the attentional switch determines the span,
a phenomenon known as the cognitive load effect (Camos & Barrouillet, 2011; Gaillard et al., 2011, but see also Ricker & Vergauwe,
2022, for a different view on the matter). The observation that the cognitive load effect increases with age (i.e., adults are more
affected by experimental manipulations hampering the use of attentional refreshing than children) is interpreted as evidence that
children become more efficient in using attention to refresh items as they grow (Barrouillet et al., 2009).

From all of these viewpoints, being it rehearsal or refreshing, linear relations have been observed between the mean speed of
processing and the mean memory span as a function of age. Cowan et al. (1998) found that rehearsal speed and memory search speed
(indicated by the rate of recall) did not correlate with each other but together accounted for the developmental change in digit span;
once more, speed and span are found to be closely related (Camos & Barrouillet, 2011). Gaillard et al. (2011) found that equating the
rate of refreshing and related processing eliminated age differences. The question about the primacy of speed, however, is whether
other processes were affected when speed was adjusted.

Results from adult studies and using the computational modeling approach cast doubt on the idea that rehearsal alone can account
for higher spans, and even improve recall performance (Souza & Oberauer, 2018; 2020). In such studies, training adult participants to
use cumulative rehearsal increased the rate of rehearsal during the tasks, but it did not promote benefits in recall performance (Souza &
Oberauer, 2018; 2020). These results render the proposal of the optimization of rehearsal as being the main drive of WM development
problematic, given the absence of an improvement in performance even in mature subjects.

Several studies have attempted to examine the speed-span relation with experimental interventions. Hulme and Muir (1985)
attempted to speed up rehearsal during list presentation but were unable to get it to speed up. Cowan, Elliot, et al. (2006) manipulated
the speed of spoken recall by children and adults by presenting the stimuli (lists of digits) at different rates (Experiment 1) and by
training children to repeat the digits at the same rate as adults (Experiment 2). In Experiment 1, although faster presentation rates
yielded faster recall rates (i.e., digits spoken per second), the span measures of both children and adults remained unaffected. In
Experiment 2, although children were successfully trained to produce their responses at the same speed as adults, faster recall rates
were not accompanied by an increase in span. The results suggest a dissociation between the rate of recall and memory capability and
speak against the premise of speed optimization in childhood. Processing speed might be a result, rather than a cause, of developmental
change in capacity (Lemaire et al., 2018). Cowan et al. (1998) found two different speeds (retrieval and rehearsal) that together
accounted for the development of digit span, but did not correlate with each other, suggesting that speed is at least not a primary,
unitary causal trait. Cowan, Elliot, et al. (2006) induced children to recall digit lists at a faster rate equivalent to adults, and yet saw no
change in span.

Table 2
Summary of findings suggesting that processing is the causal factor of WM development.

Type of processing
viewed as a causal
factor

Rationale for the explanation Summary of evidence observed

Selective attention

Executive control

Application of
knowledge

Processing speed and
efficiency

The ability to focus on task-relevant material and filter-out
distractors at encoding develops in childhood, causing WM to be
progressively less cluttered with task-irrelevant information.

In this view, the executive control of attention is seen as
coextensive with WM functioning. As they get older, children
improve their ability to intentionally maintain task-relevant
information and resist distraction, therefore improving WM
performance.

Knowledge allows one to organize and simplify the contents of
WM; growth in the knowledge base provide children with greater
resource to do so.

Faster processing speed produces more efficient memory. The
processes of interest vary from item identification, to verbal
rehearsal, and attentional refreshing.

The irrelevant-speech effect decreases during elementary school
years (Elliott, 2002); recall of task-relevant material increases
while the incidental recall of distractors decreases in childhood (
Doyle, 1973; Hagen & Hale, 1973; Zukier & Hagen, 1978); the
efficiency of attentional filtering predicts WM performance since
early childhood years (Plebanek and Sloutsky, 2019; Veer et al.,
2017).

Individual differences in controlled attention predict WM capacity
and fluid intelligence in adults (Engle & Kane, 2004; Kane et al.,
2004; Kane et al., 2007; Mashburn et al., 2020; Shipstead et al.,
2015); the executive control of attention develops in childhood
and stabilizes around age 10 (Atkinson & Braddick, 2012;
Chevalier & Blaye, 2016; Jones et al., 2003; Rueda, Fan et al.,
2004; Rueda, Posner et al., 2004).

Specific knowledge about the memorized material overcomes age
effects on recall performance (Chi, 1978; Schneider et al., 1989;
Schneider et al., 1993).

Reducing adults’ processing speed to match children’s equalized
the memory span between the two age groups (Case et al., 1982).
With age, children become faster at using verbal rehearsal, and
increases in recall are accompanied by increases in the speech rate
(Hitch et al., 1989; Hulme & Tordoff, 1989; Kail & Park, 1994;
Lehmann & Hasselhorn, 2007). Children improve in using
attention to reactivate memory representations in-between
processing intervals in dual-task settings (Camos & Barrouillet,
2011, Gaillard et al., 2011).
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Summary of processing findings

In sum, there are clear effects of the control of attention and the application of knowledge on WM performance, and aspects of
attention and knowledge clearly grow with child development. These findings are summarized in Table 2. It remains possible,
however, that there are effects of storage capacity of the focus of attention on the ability to carry out processes, given that one must
often store goals and procedures while carrying out the processes. It is the prospect of the primacy of storage that we examine next.

Is the growth of WM storage causal?

Many theories of WM development stressed the role of an increasing storage capacity of the focus of attention or a similar
mechanism throughout childhood as the drive of cognitive development. This idea dates back to Pascual-Leone’s (1970) theory, in
which he assumes a central processor called “M—space”, M being the maximum number of schemes or chunks that the processor can
attend, control, or integrate into a single action. The capacity of M is assumed to grow in an all-or-none manner as a function of age in
typically developing children. The expression “all-or-none”, used by the author, can be understood within a slot-based view of WM,
according to which WM has a fixed number of slots to store information. In Pascual-Leone’s theory, the discrete growth in M capacity is
the precursor of the developmental stages postulated by Jean Piaget in his famous theory of children’s cognitive development.

Although not restricted to explaining the development of WM, Pascual-Leone’s work was echoed by many WM researchers, who put
the assumption of a discrete increase in the mental storage space under test. Evidence favoring this view comes from studies that
controlled other factors influencing recall performance, such as the ability to chunk information, and still found an age-related increase
in spans. For instance, Burtis (1982) presented children aged 10, 12, and 14 years with pairs of letters for immediate recall and
manipulated the facility of chunking the pairs. Some pairs were formed by double letters (e.g., DD, FF, HH), some by familiar pairs of
letters (e.g., FM as in radio, BC as Before Christ, PS as at the end of a letter), and others were random combinations of letters. The
doubled pairs were expected to be easily chunked by children of all ages, whereas the familiar pairs were expected to be chunked only
by older children who can rely on long-term knowledge of the pairs. His rationale was as follows: if the increase in letter spans is driven
exclusively by chunking ability and the storage capacity is constant throughout development, then age differences in performance in
recalling double and random pairs should not be observed. Burtis (1982) found an age effect that was constant across conditions, even
when controlling for the amount of chunking produced by younger and older participants. The author suggested that structural growth
in short-term storage capacity in attention can explain a substantial part of WM development.

In a similar vein to Burtis’ (1982) approach, a more recent study by Mathy and Friedman (2020) manipulated the ease of forming
chunks by presenting classes of visual stimuli with varying degrees of familiarity (letters, colors, everyday objects, kanjis, shaded
cubes, and irregular polygons; the assumption is that forming chunks is easier with more familiar stimuli). The authors used a serial
recall task and calculated the spans in each class of stimuli. Critically, they calculated the ratio between the span of simple, familiar
objects (i.e., letters, colors, and objects) and the span of complex, unfamiliar objects (i.e., kanjis, shaded cubes, and irregular polygons).
The rationale was that if WM spans develop as a consequence of the ease of forming chunks, then the ratio between spans for simple
(easy to chunk) and complex (hard to chunk) items should diminish with age, suggesting that adults’ more effective use of chunking
curtails the difficulty in memorizing complex information. The results contradicted this hypothesis. Spans for simpler stimuli were
better than memory for complex stimuli across all age groups, and the ratio between them remained unchanged across development.
The authors suggest that, although chunking ability probably improves with age, it does not account for increases in the span. It is
worth noting, however, that other researchers used the same type of paradigm manipulating the ease of forming chunks and argued
otherwise. For instance, Dempster (1978) presented children (7-12 years) with consonants, words, and nonsense syllables, the former
two conditions being constructed to produce negligible age differences in chunking ability and the latter to promote them. He found
greater age differences in the latter condition, in which chunking was much more difficult for younger participants; they suggested that
the increase in the spans was caused by an improvement in forming chunks by older children. The conflicting findings in the examples
illustrate our point of the difficulty in differentiating the influence of structural and functional constraints of WM in development.

The ability to combine pieces of information and form chunks in WM is not the only alternative to the hypothesis of an increase in
storage capacity of the focus of attention. Some authors have suggested that chunks become larger via passive associative learning
when children are exposed to natural language (Jones, 2012; Jones & Macken, 2015; Jones et al., 2020). According to this view, the
number of slots in WM should not change with age, but the chunks occupying the slots should become larger.

The hypotheses of growth in the chunk size versus the number of chunks during childhood were specifically tested by Gilchrist et al.
(2009). Children (7- and 12-year-olds) and adults were asked to recall lists of simple sentences with a varying number of words and
clauses. The number of sentences in a list and the number of clauses in a sentence were manipulated so that the total number of chunks
(i.e., the full sentence) and the size of the chunks (i.e., the number of clauses in a sentence) varied across conditions. For instance, a list
of four short sentences containing one clause each represents four small chunks in WM. On the other hand, a list of four long sentences
containing two meaningfully conjoined clauses represents four large chunks in WM. In all conditions, the sentences were unrelated to
one another, so a story across them would not be easy to formulate. To assess the number of chunks kept in WM and the size of the
chunks, the authors calculated (1) the number of sentences at least partly reported by participants, and (2) the proportion of words
within a sentence that were recalled, provided that at least one content word from it was recalled. Consider a sentence as a chunk; if the
chunk size increases with age, then the proportion of words correctly recalled from the sentences reported by the participants should
increase with age, indicating that the chunks became larger. If instead, the chunk size remains constant and what increases is the
number of chunks in WM, then the proportion of words from the reported sentences should be invariant across age groups and the
number of sentences should increase. The latter was the result observed by the authors: younger children recalled words from fewer
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sentences (i.e., they accessed the content of fewer chunks) than older children and adults, but the proportion of words recalled from the
accessed (reported) sentences was not different across the groups (about 80% in children and adults). The result suggests that the
amount of information contained in the chunks (i.e., the proportion of words recalled from a sentence) is invariant during childhood,
reflecting stability in chunk size, and that WM growth happens via an increase in the number of chunks (i.e., the number of sentences
accessed).

In accordance with the account of an increasing number of chunks during childhood, Gilchrist et al. (2008) also found the opposite
pattern when comparing younger to older adults. In a study using the same method as Gilchrist et al. (2009), the elderly recalled words
from fewer clauses than adults, but both groups recalled the same proportion of words from the accessed sentences. Together, the
results from the 2009 and the 2008 studies suggest that the increase in WM capability from childhood to adulthood and the decline in
the elderly are greatly reliant on the number of chunks stored in WM. The fact that the number of chunks declines in old age further
argues against the view that a growing knowledge basis accounts for the developmental effect in children, inasmuch as linguistic
knowledge presumably accumulates throughout life.

The view that knowledge drives the development of a capacity-constant WM system has been present in the field for many years
(Bjorklund, 1985; Chi, 1978; Schneider et al., 1989), and has been referred to as the “hardware invariant hypothesis” (Chechile &
Richman, 1982). In order to falsify the so-called “hardware-invariance” of the system, one needs to experimentally equate the in-
fluence of knowledge across age groups and still observe age-related differences in capability measures. That is, assuming a constant
storage capacity, the invariant hardware hypothesis predicts that the performance gap between adults and children should disappear
after knowledge is controlled for. If these differences do not disappear, then we are led to conclude that storage capacity increases with
age. We saw earlier, however, that a strong developmental growth in WM performance was observed across low and high levels of
knowledge (unfamiliar characters vs. English letters: Cowan et al., 2015).

Further evidence favoring the storage account comes from studies that investigated filtering efficiency in childhood. Cowan et al.
(2010) used a dual-task paradigm to test whether age differences in WM capability are explained by a more efficient attentional
allocation in adults. According to this hypothesis, children’s WM gets cluttered with distractors because they cannot filter-out task-
irrelevant information at encoding. The authors tested this hypothesis by using a change detection task and varying the number of
objects presented in a visual array. Participants (children aged 7-8 years and 12-13 years, and adults) saw a mixture of colored circles
and colored triangles and were to remember the objects. In a given trial block, the distribution of trials testing recognition of an object
of one shape versus the other were distributed 100%-0%, 80%-20%, or 50% each. The rational strategy is to attend more to the shape
that is presented most often. If filtering (or prioritization) efficiency is the fundamental factor driving WM development, then adults’
performance should be vastly more hindered than children’s when the non-relevant shape is probed, as a result of their more efficient
allocation of attention. It was found that filtering efficiency, as measured by the difference between performance on higher- versus
lower-priority trials, depended on the memory load. With 2 circles and 2 triangles in the array, prioritization was the same across ages
despite lower performance levels in the youngest children. Cowan et al. (2011) replicated this effect using a slower, sequential pre-
sentation of items rather than a spatial array. When there were 3 circles and 3 triangles in an array, however, Cowan et al. (2010) found
that the youngest children no longer showed evidence of allocating attention according to the presentation frequencies, whereas older
participants still did (Fig. 1). The results suggest that the constraining factor for selective attention at encoding was WM storage ca-
pacity — not the opposite — and thus attention allocation cannot be an explanation in itself for the WM capability increase in childhood.

METHOD
(a) 3.0 (b)
1. Instruction to prioritize color of circles 2 objects in tested shape 3 objects in tested shape
or triangles; 28 = Ganies =0 0
. . Grades 6-7 3
2. Present array of circles and triangles . i College o
(total, 2 of each or 3 of each) for 500 ms; @ 20r
3. 1500 blank period g . »
! -ms blank period; -
P g 15} & 8] . i
4. Probe item: was it in the presented g 4 2 b {
material? (In key condition, 80% 310 N ) I % | I
prioritized kind, 20% non-prioritized); \ \ ol
05 N o S
6. Calculate how many of each set were ’ : -9 : L
remembered; determine how much -
better the prioritized items did compared 0| O R ——
1set 100% 80% 50% 20% 1set 100% 80% 50% 20%

to non-prioritized items. : e
Attention condition

Fig. 1. WM capacity according to the level of attention allocated to the probe, per age group. The right half of the figure is reproduced from Cowan et al.
(2010, Fig. 4). The y-axis represents the capacity estimates of WM capacity (k value, corresponding to the number of items stored in WM). The
attention conditions in the x-axis correspond to a continuum in which increasingly less attention at encoding had been paid to the kind of item being
tested on the present trial. Error bars are standard errors.
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Note that storage capacity here is assumed by the authors to grow with development because of increases in the scope of the focus of
attention, i.e., how many items can be simultaneously in the focus. For adult individual differences, there is a similar finding,
strengthened by eye movement data to examine the locus of attention. Specifically, Mall et al. (2014) showed that filtering efficiency
was not greater in high- than in low-WM-capability individuals, as evidenced by how long they spent looking at distractors. We will
discuss attention prioritization in more depth while presenting our proposed framework.

Evidence for the storage-growth account, in sum, includes studies controlling for selective attention (Cowan et al., 2010, 2011),
knowledge (Gilchrist et al., 2009; Cowan et al., 2015), and processing speed (Cowan et al., 2006), and consider that there is either an
increase in the number slots in WM or in the size of the stored chunks. Table 3 summarizes the evidence in favor of these views.
However, as we have mentioned, opposing evidence also exists. For example, when processing differences were neutralized across age
groups, capability differences have been abolished in some instances (Case et al., 1982; Cowan et al., 1998; Gaillard et al., 2011). In the
following section, we consider a third possibility before suggestion a resolution of apparently conflicting findings.

Is there an overarching, causal third factor?

Above we raised the possibility that neither storage nor processes (attention control, application of knowledge, etc.) are causal in
the developmental increase in WM capability, but rather that there could be a third factor that is responsible for both storage and
processing increases. A potential underlying factor is attention, given that both storage and processing are said to depend on the
frontal-parietal network of the brain (for a review in relation to WM see Cowan, 2019; Rose, 2020). If storage and processing depend on
the same brain mechanisms, perhaps maturation in the function of that system accounts for both storage increases and processing
improvements with child development.

Arguing against the theory that storage and processing are based on the same mechanisms, there are several types of evidence
suggesting that the behavioral manifestations of storage and processing are partly interrelated and partly separate, and that storage
depend on interrelated but separate brain mechanisms. In the behavioral domain, Friedman et al. (2006) examined three kinds of
executive function (inhibition, attention-switching, and updating WM) and found a relation to intelligence only of the one executive
function that involves storage (i.e., updating). Cowan, Fristoe, et al. (2006) had a different type of attention control measure than
Friedman et al. did and found a different result, but again supporting a distinction between storage and processing. They tested 10- to

Table 3
Summary of findings suggesting that growth in storage is the causal factor of WM development.

Type of storage Rationale for the explanation Summary of evidence observed
growth viewed as a
causal factor

Increase in the With development, the number of slots in WM increases, allowing ~ When the easiness of forming chunks is manipulated in order to
number of chunks  children to store more chunks of information in WM. equate children’s and adults’ ability to chunk information, the age
stored in WM. effect in WM capacity remains constant (Burtis, 1982). This

suggests that there is an age-related increase in storage that is not
explained by chunking ability per se.

In a task manipulating the length of English sentences, children
recalled fewer sentences than adults, but the proportion of words
correctly recalled from the accessed sentences was invariant
between the age groups (Gilchrist et al., 2008). This suggests that
there was an increase in the total number of chunks stored in WM
(i.e., the full sentences), not in the size of the chunks (i.e., the
proportion of words retrieved from the sentences).

The ratio between the span for item that are easy to chunk and
difficult to chunk does not change with age, suggesting that what
drives differences in the span is not the growing ability of forming
chunks (Mathy & Friedman, 2020).

The ability to filter out irrelevant information at encoding in
children is as efficient as in adults, inasmuch as children’s WM is
not overloaded. Beyond a capacity limit of 2 items, filtering
efficiency broke down in first graders (Cowan et al., 2010, 2011).
This suggests that there is an increase in the number of items that
can be encoded into WM during childhood.

Increase in the chunk The number of slots in WM remains constant across development, When items are harder to be chunked, for example, while
size. but the size of the chunks stored therein is enlarged to memorizing nonsense syllables compared to consonants and
accommodate more pieces of information per chunk. words, age differences between younger and older children are

exacerbated (Dempster, 1978).

Computational models of chunking via associative learning of
phonemic sequences account well for developmental changes in
digit span, word and non-word repetition tasks (Jones, 2012; Jones
& Macken, 2015; Jones et al., 2020).
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11-year-old children and young adults on storage and processing tasks. The storage tasks included a spoken digit span test, a printed
letter span test, and a visual array test with colored spots to be remembered in a change-detection task. For attention control, the visual
letter task with a 1 item per second presentation rate was combined with the spoken letter task, with the spoken letters starting half-
way through the visual list at a rate of 2 items per second. The instructions on a given trial were to remember either the visual or the
spoken list but, in conflict with the instructions, half of the tests were on the supposedly unattended list. Children in this situation
showed no difference between attended and unattended list memory, but many adults did. Moreover, among adults, there was a
correlation of 0.47 between the benefit for the attended items over the unattended items and a measure of intelligence. In regression
analyses, storage and span measures picked up considerable variance in intelligence in both children and adults, but the processing
measure only picked up variance in intelligence in adults. Storage (based on the visual arrays) and processing (based on the attention
benefit in the span tasks) together picked up 37% of the variance in adults’ intelligence, and it was partitioned as follows: 15%
uniquely from storage, 10% uniquely from processing, and 12% from both factors together. Thus, storage and processing were found to
be related, but partly separate.

Results from a study by Bayliss et al. (2003) also provided evidence of the separation of a storage component and a processing
component contributing to WM capability in complex span tasks. Complex span tasks require participants to alternate between
maintaining items (storage function) and processing information in WM, therefore being a suitable method to test the assumption that
these two WM functions rely on a common pool of resources. In their study, Bayliss et al. (2003) separately assessed storage and
processing efficiency in children (8- and 9-year-olds) and adults and used factorial analysis to examine how much of performance in
complex span tasks loads on domain-specific and domain-general storage/processing factors. They found support for two
domain-specific storage factors (one for visual information and other for verbal information) and for one domain-general processing
factor, both in children and adults. The same three factors have also been found by Gathercole, Pickering, Ambridge, and Wearing
(2004) in children from age 4 to 15 years. Gray et al. (2017) collected a large number of WM measures on 9-year-old children and
constructed a structural equation model to examine the factors of WM. In some of the measures, information had to be not only stored,
but also processed in some way. These measures included a 1-back task in which the participant had to remain vigilant in comparing
each item in the stream to a previous item, and a task in which numbers in a small array in memory had to be updated based on new
input. The resulting best-fitting model had three factors: a central executive factor for the tasks that needed processing, a phonological
memory factor, and a third factor that seemed to reflect the focus of attention. It loaded highly on not only visual memory tasks, but
also a running spoken digit span task in which it was impossible to rehearse or group the information (cf. Bunting et al., 2008) because
the endpoint of the list was unpredictable. Thus, storage and processing were correlated but separate in the model. In follow-up work,
Gray et al. (2022, Fig. 2) showed that the central executive and focus of attention factors had different implications. Whereas the focus
of attention factor loaded on intelligence (0.60) more highly than did the central executive (0.40), the latter also loaded on a measure
of expressive vocabulary (0.22), whereas the focus of attention did not (0.18).

In brain function, Cowan (2019) described considerable evidence that an area in the intraparietal sulcus serves as a hub or focus of
attention, functionally connected to both the frontal areas that control attention and the posterior areas that represent the stored
information. Majerus et al. (2018) manipulated both the load to be remembered (e.g., the number of letters and digits in a series) and
the difficulty of processing (instructions to remember all items in a series, or only one kind). Both a higher storage load and a greater
processing difficulty activated the frontal-parietal network, but only the storage load also activated the posterior regions representing
the information (temporal regions for spoken items, and occipital regions for faces).

Given the evidence that storage and processing are partly separate and partly interrelated, we prefer a model in which there is a
cascade of events in which, at key points, either storage or processing is primary and has consequences for the other factor.

A storage-and-processing cascade framework and support for it

One definition of a cascade is “a process whereby something, typically information or knowledge, is successively passed on” (from a
Google search of cascade, based on Oxford Languages; second definition). The description of a storage-and-processing cascade seems
suitable for the hypothetical description of WM task performance given in the section “WM Development in Childhood: A Matter of
Storage, Processing, or Both?” (the child who is asked to put the camera, the turtle, and the globe into the box). We have seen thus far
that increases both in processing and storage seem to be the fundamental sources of WM development in childhood, depending on the
different experimental situations. These two factors need not be mutually exclusive explanations for the age differences in WM
capability. Each one might be fundamental in different steps of information processing in WM task and in different developmental
ages. Here, we propose a tentative theoretical analysis to reconcile the two branches of evidence favoring either storage or processing,
by integrating them in a processual description of a trial event in a WM test. The proposed framework is not intended to explain which
factor is fundamental at different ages, for the aforementioned hypotheses have not been extensively tested in all age groups. Rather, it
aims at elucidating how the age differences in both storage and processing affect each step of information processing in WM in the
context of a dual-task, thus causing different capability estimates in children and adults.

Description of the framework

Take as an example the situation we mentioned at the beginning of this article. First, a set of instructions requiring memory for four
elements is given to the participant (“When I say ‘go’, can you put the camera, the turtle, and the globe into the box?”). At this step,
irrelevant events need to be suppressed and not encoded into WM, and the success of this operation depends on the selective allocation

of attention to the targets (the camera, the turtle, the globe, and the box, but not a butterfly flying by or a teddy bear laying near the
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target objects). The input of information to an attention-demanding store depends on a central capacity limit in WM, as the required
filtering information will demand some of this capacity to be carried out. Cowan et al. (2010, 2011) showed that the attentional
allocation at encoding by the youngest children (7-year-olds) was as efficient as that of the adults, provided that the number of
attended items did not exceed their WM capability. Beyond the capacity limit, the filtering efficiency broke down in children, sug-
gesting that the constraining factor of WM capability at encoding was not the filtering ability in itself, but rather storage capacity of the
focus of attention.

Following the successful encoding of the targets, items are briefly maintained in the focus of attention until a second process is
triggered. Items in the focus of attention can be chunked to form meaningful patterns and expand the effective storage capacity. By
creating larger chunks, one is able to allocate more information in the slots available in WM and reduce load (Thalmann et al., 2019).
Research by Gilchrist et al. (2009) has shown that the size of chunks remains stable in childhood, at least for simple information that
does not provide an advantage for the older participants, and what changes with development then is the number of chunks in WM.
Therefore, we propose that the fundamental difference between children and adults at this step of information processing is whether or
not chunks are formed and what is done with the formed chunks. It is possible that adults are better able to create and/or detect inter-
item associations and, once the items in WM are associated, they are offloaded to activated long-term memory releasing space in the
focus of attention.

The result of such an offloading operation is that adults need less attentional resources to maintain items in WM, and therefore can
use the focus of attention to carry out other concurrent operations and/or store more information. This is illustrated in our working
example by a child that is already able to chunk the items turtle, camera, and globe, imagining that the turtle is taking a picture of the
globe. Such an association demands less storage space in the focus of attention compared to holding each of the three items separately.
The chunked items can be temporarily “put on hold” in activated long-term memory until the moment they become relevant for
carrying out operations, e.g., response selection.

We assume that greater knowledge and experience levels in older children and adults scaffold the creation of patterns necessary for
chunking (Miller, 1956) and the subsequent offloading operations. This aspect of the framework needs to be further developed because
we still do not know if the creation of patterns is the means by which information is offloaded from WM in adults. We know, however,
that the contribution of activated long-term memory in accounting for capability substantially increases in the late elementary-school
years, leaping from holding less than 1.5 item to more than 3 items in adulthood (Cowan et al., 2018). The current working hypothesis
in our lab is that adults file information into activated long-term memory by offloading patterns from the central component of WM,
that is, the focus of attention. At this purported step of our cascade framework, the fundamental factor constraining children’s WM
capability is the ability to apply knowledge to the contents of WM, because it determines the efficiency of the pattern creation and its
subsequent offloading.

Once out of the focus of attention, the offloaded pattern needs to be revisited by attention in order to be maintained during
distraction. Say a competing demand interrupts the task at this step, and the child is asked about where the remote control is. Younger
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Fig. 2. Influence of storage and processing in the management of the focus of attention in a dual-task setting. The upper row represents how the
developmental levels of storage and processing skills mediate the transfer of information through the steps in WM, according to the Storage-and-
Processing Cascade Framework. The box diagrams in the middle row represents the steps of information processing in WM, during a memory trial.
The bottom portion of the figure illustrates, for one task, the contents of WM in each step, and how items are managed by the focus of attention.
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children are likely to completely forget the information that was being held in WM because their attention was completely occupied by
the secondary task. At this point of information processing, the successful maintenance of the offloaded patterns depends on the ability
to share attention between the two tasks and not drop the items previously stored in WM, i.e., the created pattern. In our imaginary
situation, this corresponds to not completely forgetting the turtle taking the picture of the globe while attention is diverted to
answering the question about the remote control. By adopting a proactive stance of attentional control, one should be able to revisit the
imagined pattern that had been offloaded, prevent it from being forgotten during the interruption, and correctly execute the response
of putting the objects in the box even after reacting to the interruption.

It has been observed that in dual-task settings, younger children (6-8 years) adopt a reactive stance of control and devote most of
their attention to the execution of a secondary task in the detriment of maintaining information in WM. Adolescents (10-14 years) and
adults (college students) show the reversed pattern and recall more information from the memoranda, at the cost of making more
errors and slowing their reaction times in the secondary task (Cowan et al., 2021). These results suggest that, with age, children
develop a proactive stance of attentional control that allows them to strategically share attention between the two tasks and prioritize
the maintenance of the items. In our proposed framework, the proactive stance to dual tasks is the fundamental factor determining the
success of maintaining information in WM during distraction.

Fig. 2 represents which factor — storage or processing — is fundamental in accounting for age-differences in WM capability at each
step of information processing in a dual-task setting, according to the Storage-and-Processing Cascade Framework.

Support for the framework

Encoding into the focus of attention. The first step in our framework is the input of information to an attention-demanding
storage system. In this step, information is assumed to be consciously processed and enter the focus of attention before attention is
selectively allocated to relevant stimuli. This means that in a simultaneous presentation setting, as the one in our working example, the
encoding of information from the surroundings is a pre-requisite for the exclusion of distractors to happen. In the example, the child
encodes all information (the turtle, the globe, the camera, the box, the teddy bear, the butterfly, and the verbal command given by the
adult) and then selectively allocates attention to the task-relevant items (the turtle, the camera, the globe, and the box). Under this
assumption, limitations in the scope of attention would constrain this initial step by limiting the amount (or completeness) of infor-
mation that can be encoded at once in WM, even before filtering can occur. Incomplete encoding, therefore, could theoretically explain
lower capability estimates in younger children, without necessarily requiring the efficiency of filtering mechanisms to explain
capability limitations.

Cowan et al. (2011) designed a study to test the hypothesis of incomplete encoding in children. They replicated the method used in
a previous study (Cowan et al., 2010, discussed previously), in which participants had to allocate attention differentially to the colors
of circles versus triangles, by changing the presentation of a visual array from simultaneous to sequential with a slower presentation
rate (1/second rate). This was done to provide children with more time to encode the items. The sequential presentation was intended
to spare children from the theoretical disadvantage of not being able to encode the whole visual array during the brief simultaneous
presentation that Cowan et al. (2010) used. Cowan et al. (2010) showed that with 2 circles and 2 triangles in each array, 7-year-olds
prioritized the shape tested on 80% of trials as well as adults did, but that their performance was at a lower level than adults and older
children. Cowan et al. (2011) used this same manageable set size to determine whether encoding differences could explain the age
difference in capability. The age differences between 7-year-olds and adults remained with a slow, 1/second presentation rate, and this
was the case in each of several different encoding conditions (remain silent, name the color of each object to encourage rehearsal, or
say “wait” after each object to discourage rehearsal). More time for encoding did not reduce the difference between 7-year-olds and
older groups. However, when verbalization of task-relevant information was encouraged or allowed, children 11-13 years old no
longer performed as well as adults; there was an additional factor that came into play, presumably based on verbal rehearsal or
elaboration.

Exclusion of distractors. The second step in our framework is the exclusion of distractors from WM by means of selective
attention. In the working example, this operation corresponds to the ability to filter out task-irrelevant items, carried out by the focus of
attention. It is theoretically possible that children’s capability estimates are lower because of an inefficient filtering mechanism that
causes WM to be cluttered with task-irrelevant mental representations. According to this view, capability estimates would be lower in
children not necessarily because storage space is smaller, but because it is occupied with distractors. Although we have reviewed some
evidence of conditions in which selectivity develops with age (Elliott, 2002; Lane & Pearson, 1982; Smith et al., 1975) and children do
show effects of admitting too much into WM (e.g., Plebanek & Sloutsky, 2017, 2019), Cowan et al. (2010) showed that capability
differences persist even when the conditions are such that the prioritization of information admitted into WM works to a degree similar
to adults. This was the case provided that WM was not overloaded (Fig. 1, left data panel). The breakdown of prioritization when WM is
overloaded (Fig. 1, right data panel) suggests that the process of being selective and prioritizing WM optimally shares an attentional
resource with storage.

In the study of Cowan et al. (2010) shown in Fig. 1, in order to conclude that it is indeed WM storage capacity that limits selectivity
and prioritization, and not the speed of encoding, it would be helpful to test this full pattern with more encoding time. One could argue,
for instance, that children are slower to encode stimuli presented simultaneously in the visual display, and therefore not able to
efficiently prioritize the more-often-tested shape. Although Cowan et al. (2011) repeated the method of Cowan et al. (2010) using more
encoding time (i.e., sequential presentation of items), they did not include the larger set sizes of 3 circles and 3 triangles, at which
Cowan et al. (2010) found that 7-year-olds were no longer able to prioritize the more-often-tested shape. Thus, it is possible that a
slower rate of encoding was the limiting factor, not capacity. However, previous investigations have suggested that, in adults,
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extending the time for encoding before a mask occurs affects the number of items encoded only until about 200 ms (Vogel et al., 2006).
In contrast, Cowan et al. (2010) presented arrays for 500 ms and followed each one not with a mask, but with a 1500-ms blank interval
before the comparison. Under these conditions, we believe, children’s difficulty to selectively encode items of the more-often-tested
shape is most likely to occur not because the encoding time is insufficient, but because the need to store the items using the focus of
attention conflicts with the need to use attention to select information.

In sum, prioritizing information that reaches WM to minimize the effects of distractors or low-priority items is a process that seems
likely to be limited by storage capacity, and not only encoding time. Studies showing a concomitant increase in WM capability and
selectivity often use experimental tasks that mimic complex situations. For instance, in a study by Elliott (2002), participants were
supposed to recall serial information (a digit span) while ignoring irrelevant auditory information that varied in terms of its features
(speech or musical tones) and state (steady or changing stimuli, e.g., “red-red-red” or “red-yellow-blue”, respectively). In another
study, by Maccoby and Hagen (1965), participants needed to keep track of location-color bindings (memorize the background color of
picture cards and indicate the location of a given color in the array, after the cards had been flipped down), while performing a tone
discrimination task. We believe that these complex testing situations might incur a greater WM load and therefore affect filtering in
younger children.

The results reported by Elliott (2002) offer an example of how WM load might affect filtering. The author observed an increase in
span measures during childhood and a decrease in interference caused by irrelevant sounds. Compared to a silent control condition, the
youngest group (second graders) was the most disrupted by the irrelevant sounds conditions. Interestingly, the proportion of items
correctly recalled from the list was invariant across age groups in the silent condition. It is worth noting that the length of the lists was
tailored to each participant’s capability and the lists’ length never exceeded their span. According to our framework, it is possible that
the sounds were more disruptive to young children’s performance because they overloaded their WM capacity at encoding.

Maintenance in the focus of attention. Our framework was designed to reflect the position in the embedded-processes frame-
work that the focus of attention has storage properties. (Information is also stored in activated long-term memory, but we assume that
the initial storage in the focus of attention is crucial for good encoding.) At this step, items are briefly maintained in the focus of
attention and hence, WM capability will be limited by its size.. The suggestion that WM has a core capacity reliant on attention and that
increases in childhood was proposed by Cowan et al. (1999). In this study, children (first and fourth graders) and adults were presented
with lists of spoken digits and were tested under different attentional conditions. In one condition (attended speech), participants were
instructed to listen closely and recollect each list immediately after its presentation. In a second condition (unattended speech), they
were instructed to ignore the spoken digits and play a rhyming game (click on pictures of objects that rhymed with a target object) and
were asked to recall the last presented list only occasionally, so that the test was unpredictable. Performance in the attended speech
condition was assumed to reflect memory capacity under the influence of attention-demanding mnemonic strategies and verbal
rehearsal. Performance in the unattended speech condition was assumed to reflect the transfer of information, when a recall cue is
presented, from a short-term auditory sensory memory, which fades within a few seconds but otherwise has no capacity limit itself,
into a WM with a fixed limit (Darwin et al., 1972). This measure is called “span of apprehension”, because it corresponds to the
maximum of sensory information that can be apprehended (or, in our terms, transferred into the focus of attention) without the
implementation of mnemonic strategies. For all age groups, performance increased across list lengths in the attended speech condition,
but it remained stable in the unattended condition (i.e., the number of correctly recalled digits was the same irrespective of list length).
First graders correctly recalled 2.4 items in the unattended condition, fourth graders recalled 3.1 items, and adults recalled 3.5 items.
The stability across list lengths in the unattended condition reflects a central limitation in the span of apprehension, and the age
differences reflect a developmental increase in WM core capacity. The observation that this core capacity increases as a function of age
during childhood is aligned with theories proposing an increase in storage capacity of the focus of attention during childhood. Because
participants also recalled items in early serial positions, the authors suggest that the limit observed is more likely to reflect an attention-
related faculty rather than the sensory record itself. In the latter case, correct recall should be restricted to later serial positions in the
unattended condition. According to the authors, the fixed limit in WM can be understood as the capacity of the focus of attention when
revisiting the sensory record of the list at recall.

Cowan et al. (2005) tested the hypothesis of an increase in the scope of the focus of attention during childhood by using two
approaches. The first was via change detection tasks. They prevented verbal encoding and chunking strategies by using very short
presentation times at encoding, so performance was assumed to reflect a pure measure of the capacity of the focus of attention. Then, it
was possible to estimate the size of the focus of attention by varying the size of the stimulus set. In this type of paradigm, the maximum
number of items in the focus of attention is considered to be reached when the number of items estimated to be in storage reaches an
asymptotic level. The second approach to estimate the growth in the focus of attention was via the running span task. In this type of
task, participants are aurally presented with rapid lists of digits, and they are required to recall as many items as they can from the end
of the list. The lists vary in length and are interrupted unpredictably, so that participants cannot anticipate when they will be asked to
recall the digits. Because of the rapid presentation and the unpredictability of the task, recall is assumed to reflect the capacity of the
content of the focus of attention at the moment of test. Indeed, a distraction before recall disrupts the process of drawing information
from a passive store into the focus of attention in a running span task (Bunting et al., 2008). Via these tasks, Cowan et al. suggested that
the size of the focus of attention is about 2 items around the age of 6-7 years and increases to about 4 items in adulthood. However,
later we will qualify this conclusion on the basis of other results (primarily Cowan et al., 2018).

A limited focus of attention with storage functions can explain fast memory loss in young children at this step of information
processing. For instance, younger children are known for neglecting goals while performing WM tasks, a phenomenon that correlates
with WM capability and that decreases with age (Marcovitch et al., 2010). Most studies on goal neglect use the card sorting paradigm,
in which children are asked to sort cards according to a set of pre-determined rules that need to be flexibly adjusted as the task
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advances (e.g., according to the number of objects, to their colors, etc.). In order to succeed, children need to keep the rules activated in
WM while processing the cards. In such a situation, and without the implementation of a maintenance strategy by young children, a
limited focus of attention would result in the loss of the set of rules as incoming stimuli are encoded.

Indeed, a study by Bertrand and Camos (2015) showed that preschoolers (ages 4 to 6 years) do not attempt to implement any
memory strategy to maintain information in WM in a serial recall task (to memorize a sequence of fruits put in a shopping bag while
playing “grocery shop”). Introducing an unfilled delay and doing a high attentional demand task (walking in a sinuous path to the
grocery shop) before recall depleted performance to the same extent. This led the authors to suggest that preschoolers do not attempt to
implement maintenance strategies to maintain the task goal even when they have no competing demands. Interestingly, when children
were instructed to walk directly to the “grocery shop” (low attentional demand), recall performance slightly improved in comparison
to the unfilled delay and the high attention condition. The authors suggest that a motor activity that is related to the task goal and does
not load too much on attention can actually improve performance by scaffolding goal maintenance. According to our interpretation,
the phenomenon of goal neglect in preschoolers can be partly accounted for by the fact that, as they are performing a given task, their
WM is filled with mental representations of the incoming stimuli that supplant the representation of the rules. In the case of Bertrand
and Camos’ (2015) study, walking directly towards the “grocery shop” might have helped to keep the mental representation of the task
goal in the focus of attention. It is worth noting, however, that follow-up studies attempting to scaffold cognitive control by providing
cues of the task goal have provided mixed or no evidence of WM improvements in younger children (Fitamen et al., 2019a, 2019b,
2022). For example, in Fitamen et al.’s (2022) study, children’s performance did not improve in a condition in which a toy shopping
stall (a reminder of the task goal) was added to the experimental setting.

To summarize, we propose that after the encoding and selection of relevant items, information is maintained in the focus of
attention and is subject to its capacity limits.

Pattern detection or creation. The fourth step in the model is the formation of patterns between items in the focus of attention. In
this step, the mental representations form conglomerates of meaningful associations that unburden attention. Note that we speak of a
detection and/or creation of patterns because we do not want to commit to any assumption of automaticity versus control at this stage
of our theoretical elaboration. Although our working hypothesis is that ability to form patterns between items in WM is improved with
age thanks to better application of knowledge to the memoranda, we admit the possibility that this could be an automatic process that
improves with age. One could either passively form semantic associations between items, as in “milk-glass”, “chair-table”, etc.; or one
could deliberately create a conglomerate of items that are, at first sight, unprovided of any previous semantic association but then
become meaningful by means of such operation, e.g., by mentally combining geometrical shapes to create a pattern that resembles a
house. We also speak of “patterns”, broadly and loosely defined, because the term can accommodate different processes known for
linking items to each other, like chunking (Miller, 1956), clustering (Farrell, 2012), mental imagery (Krinsky & Krinsky, 1996;
Sahadevan et al., 2021), rhyming (Bower & Bolton, 1969), etc. For example, chunking digits in a sequence, as in Miller (1956), and
using visual imagery to link concrete, imageable words (e.g., Einstein et al., 1989) are undisputedly different mental processes, but
both share the commonality of linking mental representations into a more compact structure. All the examples given would result in an
inter-item pattern that is less attention-demanding than maintaining its constitutive parts individually.

Alot of research has been done in the 1970's regarding the use of elaborative mnemonics (e.g., visual imagery, sentence generation)
to learn paired associates by children. These are some ways that memorable patterns can be formed and remembered. Globally, studies
showed that the use of elaborative strategies increases until adolescence, that it promotes better learning of the material compared to
the use of verbal labeling, and that children who can use it to learn the pairs outperform children who cannot (Kerst & Levin, 1973;
Kestner & Brokowski, 1979; Turnure et al., 1976). More recently, Sahadevan et al. (2021) have shown that creating inter-item as-
sociations is more effective than using the peg-word method in a serial recall task. In their study, participants (young adults) were
trained in the use of peg-words,” interactive imagery, and the link method. In the interactive imagery condition, the words in a list were
presented in pairs, and participants were instructed to create a mental image of the two items interacting with each other (e.g., flame-
cabin, drum-tail, brandy-rubber, a cabin in flames, a tailed drum, a rubber-made canteen of brandy). In the link method condition, the
words were not paired and participants were told to create images of adjacent items interacting with each other (e.g., flame-cabin-
drum-tail-brandy-rubber, a cabin in flames plays a tailed drum, then someone trips in a rubber tire and drops some brandy). The
most effective strategy was interactive imagery, followed by the link method. The results suggest that forming conglomerates of items
in the memoranda is even more effective than linking items to long-term representations that are extraneous to the list to be memorized
(i.e., the peg-words). In another study (AuBuchon & Wagner, 2023), the use of self-generated, elaborative strategies (mental imagery
and/or sentence generation) was a leading predictor of word serial recall when used in conjunction with phonological rehearsal and
grouping, especially for phonologically similar lists. Together, this ensemble of results suggests that elaboration is a powerful way to
organize the material in WM and its use can be a source of age-related increase in WM capability.

In our framework, the creation/detection of patterns is thought to depend on the ability to apply knowledge to the memoranda and
experience with the task. Studies by Jones and colleagues (Jones & Macken, 2015; Jones et al., 2020) on chunking and associative
memory provide support for the idea that knowledge scaffolds WM maintenance by means of experience on applying it to the
memoranda. By analyzing the finding that the serial recall of digits improves in childhood at a much faster rate than the serial recall of

2 A mnemonic strategy that consists in linking items in serial positions to words that rhyme with cardinal numbers, e.g., one is “bun”, two is
“shoe”, three is “tree”, etc. By using the method, the list clock-pencil-bottle could be remembered by imagining a clock sandwich (a clock in a bun), a
pencil wearing shoes, and a tree drinking a bottle of water. The peg-word mnemonic has been shown to be very effective in serial recall (Roediger,
1980).

17



L. Superbia-Guimaraes and N. Cowan Developmental Review 69 (2023) 101089

words, the authors suggested that exposure to natural language offers support to chunking operations in WM. Their argument is that,
because random sequences of digits are much more frequent in natural language (e.g., zip codes and telephone numbers) than random
sequences of words, children become better at associating random digits than associating words. For instance, memory for digit pairs
improved more than for word pairs between ages 5 and 10 years (Jones et al., 2020). The authors firmly defend the idea that asso-
ciative learning and language exposure can account for developmental trends in the digit span without resorting to a storage system
that grows with age (Jones et al., 2020). Ultimately, they suggest that span measures for verbal lists increase with age because language
exposure increases with age. We would, however, dare to use their argument of greater exposure to digit sequences in the natural
language in favor of our idea that the application of knowledge and experience with the task materials improve with age, explaining
some of the WM development. According to our interpretation, the faster growth in digit spans could be explained by the fact that
children get more proficient in using knowledge to combine and chunk digits, precisely because they are more exposed to this type of
association between stimuli in natural language. We also highlight the results by Cowan et al. (2015), already mentioned, showing that
knowledge growth cannot account for all of the developmental increases in WM. In this study, the increase in WM capacity for English
letters and unfamiliar characters across age groups followed the same pattern (if knowledge was the main driver of WM growth, then
the increase in capacity should be much steeper for English letters).

In sum, we propose that a child’s ability to use knowledge and their level of experience with a certain task and/or stimuli set will
facilitate the formation of meaningful conglomerates between items in the memoranda. In the following step, such patterns will be
transferred to activated long-term memory and offload attention from storage demands in favor of our view that increased knowledge
and experience with the task’s material can unburden WM and partially account for its development during childhood.

Offloading of patterns. The fifth step in our framework is the offloading of patterns from the focus of attention to activated long-
term memory, a process that we assume to happen in adults and to improve with age. The idea of a process that offloads attention
resulted from a study in our lab investigating the growth of the focus of attention during childhood (Cowan et al., 2018). In this study,
Cowan et al. (2018) observed that the number of items stored in the focus of attention, which they call a central portion of WM, stays
constant or even decreases with age, whereas there is a marked increase in storage within what they term visual and verbal or acoustic
peripheral portions of WM (not modules, but the part of WM that cannot be flexibly allocated to either visual or acoustic items). Based
on these results, we suggest that there is a transfer mechanism that displaces information from the focus of attention to activated long-
term memory, freeing central storage space, but nevertheless relying on attention to keep track of the information that has been
offloaded. (Presumably, offloading information to be retrieved later frees up some attention for other uses, but some attention to it is
still needed to keep track of it.).

It is useful for this argument to explain the assumptions and calculations made by Cowan et al. (2018). Studies on the capacity of the
focus of attention often take experimental precautions to fill it with information so as to cause an overload of capacity. We have
mentioned several studies that adopted this approach in our article, and most of them traditionally vary the set sizes in order to find an
upper capacity limit across different age ranges. In this approach, the capacity measure (k) is based on the difference between hit rates
(proportion of correct recognitions) and false alarm rates (proportion of false alarms), weighted by the set size. The underlying
assumption is that participants will correctly recognize the probe when its mental representation is stored in WM at the moment of the
test. For instance, suppose a participant has perfect performance with a hit rate of 1 (i.e., 100% of correct recognition) and 0 false
alarm, and she was presented with sets of three items. In this experimental situation, k = 3, meaning that the whole set was in WM
when the items were probed, yielding perfect performance. The model used to estimate k is based on the assumption that the correct
answer can sometimes be obtained by a lucky guess, which is essentially subtracted from the total to estimate items in WM.

Measures of k are very useful in research (they provide a capacity estimate in recognition or change-detection tests, in which
measures of span cannot be applied), but they cannot tell us about the specific contributions of storage and processing in WM, nor
about the size of the focus of attention at a given age. This is because k does not necessarily reflect only operations that exclusively took
place in the focus of attention. It is possible, for instance, that the scope of attention remains unchanged and that peripheral, non-
attentional portions of WM gradually start to store information with development. In that case, one could observe an age-related
increase in k that does not necessarily correspond to an increase in the central storage in WM. It is necessary to distinguish central
and peripheral storage in WM in order to test the hypothesis of a growing amount of information stored in the focus of attention
(central storage) during childhood. (Note, though, that as we will explain later, attention can contribute to peripheral storage too, as it
may be used to prepare information for a more efficient offloading out of the focus of attention into activated long-term memory.).

Cowan et al. (2014) developed a bimodal paradigm to distinguish between these two sources of information in WM, and Cowan
et al. (2018) later adopted it to examine their development during childhood. In the task, participants are presented with two sets of
stimuli, each of them in a different modality (e.g., a series of musical tones and an array of colored shapes, presented one set after
another), and asked to remember information of either one or both sets. Because the focus of attention is equally devoted to storing
information from different domains (Cowan, 1999; Saults & Cowan, 2007), items from both sets compete for its storage space in the
dual condition, but not in the single condition.

An estimate of the central part of WM storage is the difference obtained by taking k when only one set of items is to be remembered,
summing it across both types of sets, and subtracting the smaller k obtained when both sets have to be remembered at once. In a typical
finding with adults, single-set k estimates might be about 3.5 colors and 3.5 tones, and dual-set k estimates might be about 3.0 colors
and 3.0 tones. Then the estimate of the central portion would be (3.5 + 3.5)-(3.0-3.0) = 1.0. Peripheral visual performance would be
calculated as 3.5-1.0 = 2.5 because it is assumed that the capacity estimate of 3.5 was obtained when the participant could use all of
the central portion for vision in that single-set condition, so that it must be subtracted from the total to obtain the peripheral portion (i.
e., single-set k-central = peripheral). The same would be true of the peripheral portion for audition. Note that such distinction between
central and peripheral WM does not depend on the assumption of separate storage modules in the peripheral portion; it simply assumes
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that items’ features are activated outside the conscious focus of attention.

Cowan et al. (2018) compared the central and peripheral capacity estimates of children in the age ranges of 6-8, 8-10, and 10-13
years old and adults. The results contradicted the prediction of an age increase of the central portion of WM and showed that the
estimated size of the focus of attention only increased a bit until age 8 (from 0.5 to 1.0 item between the first and second age groups),
whereas the capacity of the peripheral components increased markedly with age. This finding suggests that, with age, children do not
increase in the use of attention for storage, but instead figure out how to store more information without increasing the investment of
attention for storage per se. This result is shown in Fig. 3.

Although we do not yet know why the number of items stored in the peripheral components increased with age in Cowan et al.
(2018), our current working hypothesis is that older children get better at filing away information into activated long-term memory in
an easily retrievable form, offloading it from the focus of attention to free it up for other tasks. Although the offloading process lightens
the burden of holding items in the focus of attention, we propose that it is not an attention-free mechanism. We assume that at least
some central resource is used to keep track of information put in activated long-term memory. An underlying mechanism assisting this
offloading process is thought to be the application of knowledge to create patterns between items in the memoranda, as explained in
the previous section.

Alternative to the idea of offloading, it is still theoretically possible that auditory and visual information both improve across ages
in terms of the basic dedicated modality storage space for these items; presumably temporal lobe areas for tones or verbal materials and
occipital lobe areas for visual items (e.g., Cowan, 2019; Majerus et al., 2018). A difficulty with this alternative interpretation, though,
is that there is no evidence that these areas for storage of information undergo a dramatic change in the childhood years, and we can
think of no behavioral evidence supporting it. Perhaps the closest is the finding that WM development includes improvements not only
in the number of items remembered, but also in the precision of the representations, which has been found using items on a continuum
of visual orientation (Sarigiannidis et al., 2016) or tone frequency (Clark et al., 2018). In the present situation (Cowan et al., 2018) of
categorical items for which memories do not have to be very precise for a correct response, the precision of the representation may not
be relevant. Nevertheless, the question might be addressed by combining a dual-set situation like Cowan et al. (2018) with a task
yielding estimates of precision, to determine if precision is important especially for the peripheral component of WM as would be
necessary to account for results like Fig. 3.

A study by Akyiirek et al. (2017) suggests that the idea of attentional offloading via the creation of patterns is a promising hy-
pothesis. The authors measured electrophysiological activity during a rapid serial visual presentation paradigm in which a varying
number of visual targets (corner lines) were presented sequentially and rapidly (100 ms/stimulus) among distractors (printed letters).
Critically, the targets could either be or not be spatially integrated into a visual pattern (e.g., upper left corner and bottom right corner,
forming a square). At the end of each trial, participants were asked to recall the orientation of the targets seen in the trial (upper left,
upper right, bottom left, bottom right). The authors were interested in the magnitudes of the following event-related-potential (ERP)
components: the N2pc, a component associated with the attentional processing of visuospatial information; the SPCN (sustained
posterior contralateral negativity), a component associated with memory load during retention; and the P3, a component associated
with memory consolidation and response selection. Lower amplitudes in these components are assumed to reflect less cognitive effort,
either because there was less information to encode and maintain in WM or because these processes were more efficient in one sit-
uation than another.
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Fig. 3. Illustration of developmental findings separating central and peripheral portions of WM. Methods and results from Cowan et al. (2018). The right
half of the figure is copied from Cowan et al., Fig. 4. Error bars are standard errors. Older children increase capacity not in the central portion of WM
that can be shared between tones and colors, but in the peripheral portion that is not shared.
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The results showed that the presentation of two successive integrable targets yielded the same amplitudes of the N2pc, SPCN, and
P3 components as in the single target condition. Moreover, the amplitudes provoked by two integrated targets were significantly
smaller than that of two non-integrable targets. Akyiirek et al. (2017) suggest that the integrability of the two successive targets
unburdens attention and WM and recruits the same amount of resource as processing one target. Their results cannot provide in-
formation about the possible involvement of activated long-term memory in the offloading process, but they serve as illustration of our
proposal that attention is discharged when patterns are created in WM. Further arguments for this hypothesis were summarized by
Rhodes and Cowan (2018).

Maintenance during delay. The series of events taking place in the child’s WM culminate in the need to maintain information
during a delay in which other concurrent demands might get in the way. Maintenance at this step might be accomplished by rehearsal,
re-imagination of the patterns, or refreshing. Critically, it is important that attention is not entirely consumed by other processing
demands and that the focus of attention is unoccupied by the memoranda. In order to do so, a child must have already acquired enough
executive control to proactively share attention strategically between the memoranda and processing any distractors during the delay.
The sixth step of our framework, therefore, addresses the issue of the proactive control of attention in dual-task settings during
childhood.

Cowan et al. (2021) tested the hypothesis that younger children’s lower WM capacities are caused by an undeveloped proactive
control of attention. According to this hypothesis, younger children are not yet able to proactively carry out the attentional sharing
operation and do not prepare themselves for an upcoming memory test during a delay filled with a distracting task. This causes
children to neglect the maintenance of the memoranda (or perhaps the goal of preserving those memoranda) when they are required to
share attention between tasks. In contrast, adults proactively anticipate the memory test and share attention between the two tasks at
stake, causing them to have smaller dual costs in WM.

In the study, 6-8-year-olds, 10-14-year-olds, and young adults were presented with arrays of colored squares and asked to respond
to a speeded reaction task during the retention interval; at the end of each trial, they had to recognize a probe as being part or not of the
array. The speeded reaction task consisted of pressing a button on the same or opposite side of a visual target appearing on the screen or
an auditory target played in one ear. The authors manipulated the difficulty of the speeded task by varying the instructions to par-
ticipants. In the easy condition, the side of the motor response (press the button) was congruent to the side of the target (i.e., right or
left side of the screen/ear). In the difficult condition, the motor response was to be given on the opposite side of the target. The reason
for using both visual and auditory targets in the speeded task was to ensure that any dual-costs observed in WM were not modality-
specific and instead were due to attentional sharing. Moreover, the authors manipulated the load of the memory array (0, 1, 2, 3, 4
items) in order to obtain the capacity estimates of participants in each age group. The zero-load condition serves as the baseline in the
speeded reaction task, in which participants were not presented to any item to memorize.

In this type of task, participants with more proactive control of attention are expected to show smaller dual-cost in WM and less
accurate, slower responses in the speeded task as the set size increases. The explanation is that they proactively devote attention to
maintaining the items in WM during the speeded task, therefore they are less subject to decay during this period. Also, because
maintaining larger arrays requires more attentional resources, performance in the speeded task will be penalized as the set size in-
creases. On the other hand, participants with less proactive control will devote most of their attention to one task at a time and
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Fig. 4. WM capacity in different array sizes, speeded-task conditions, and age groups. The right half of the figure was reproduced from Cowan et al.
(2021, Developmental Psychology, Fig. 4). Error bars are standard errors.
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therefore will neglect maintenance in WM while doing the speeded task, causing a higher dual cost on WM performance. The authors
found a pattern of results congruent with the hypothesis of children using a reactive stance in dual tasks. There was a main effect of age,
with older children and adults having a larger WM capability than younger children, and a main effect of the speeded task, with all
groups performing better in the WM task when no speeded task was present. However, the cost of the speeded task on WM was different
across age groups, with adults’ performance being barely affected by it. Fig. 4 illustrates these results.

Cowan et al. (2021) also analyzed the costs of maintaining items in WM upon performance in the speeded task. It, too, was
consistent with the switch from a reactive stance in young children to a proactive stance in older children and adults. All participants
had poorer performance in the opposite side condition, but the size of the memory arrays affected the age groups differently. Older
children and adults showed an increase in reaction time in the speeded task accuracy as the arrays became larger, presumably because
more attention was devoted to retaining the arrays, leaving less attention for speedy performance in the speeded task. (The older
children only showed this pattern for the easier, same-side-responding task, however.) Younger children’s speed was not affected by
the array size, and the same was true for the older children in the opposite-side task. These results (Fig. 5) suggest that attention was
not being divided much between the maintenance of the items and the speeded task in younger participants, as they apparently did not
devote more attention to larger arrays to the detriment of the speeded task the way adults consistently did.

In sum, then, in step 6, a processual change in proactively sharing attention in dual-tasks settings will determine how WM
capability grows during childhood.

Unresolved issues

We contend in our framework that knowledge is used to elaborate the material in WM and unload attention (steps 4 and 5), and that
storage capacity of the focus of attention is also required to maintain the offloaded material, albeit to a lesser extent than holding items
individually in the focus requires. We assume that this is an effortful, controlled process that improves during childhood. Our
framework, however, leaves some unresolved issues on the automatic influence of knowledge on children’s WM capability. Namely, it
does not explain the automaticity of some knowledge effects during earlier steps of information processing nor the influence of
cognizance (or meta-knowledge) on WM performance. In the following sections, we will address the automatic knowledge effects,
discuss the development of meta-knowledge, and explain why we favor the view of an age improvement in the effortful application of
knowledge. Then we will elaborate on the hypothesis that storage capacity of the focus of attention is divided between storing items
individually and keeping track of information filed to peripheral portions of WM, after the detection/creation of patterns occurs.
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Fig. 5. Speeded-task performance cost in terms of the proportion increase in reaction time compared to a no-load condition, for different responding con-
ditions, array sizes, and age groups. Reproduced from Cowan et al. (2021, Developmental Psychology, Figure 8). Error bars are standard errors.
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The role of knowledge
The automatic influence of knowledge at encoding

We stressed in step 4 (pattern detection or creation) that our working hypothesis is that the ability to apply knowledge to combine
items in the memoranda improves with age. We assume that the influence of knowledge over the creation of patterns is voluntary in the
sense that it requires a controlled use of strategy during maintenance. However, we admit the possibility that knowledge also in-
fluences the detection of patterns in earlier steps of information processing, for example via perceptual grouping (Jiang et al., 2004)
and via the encoding of higher-order structural organization of visual arrays (Brady & Tenenbaum, 2013) — two rather automatic
processes.

Regarding the early detection of well-learned patterns at encoding, there is indeed evidence that adults are more hampered than
children by violations of the configural pattern of a stimulus, at least in face recognition tasks (Carey & Diamond, 1994, Goldstein,
1975). For example, when asked to recognize familiar and unfamiliar faces, 6-year-olds are less affected by inversion (i.e., presenting
the face upside down) than 10-year-olds, who are, in their turn, less affected than adults (Carey & Diamond, 1994). A possible
explanation for such age effect in memory for faces is that adults were more exposed to faces during life, making them more reliant on
the automatic encoding of a well-learned visual pattern. We contend, however, that although the automatic encoding of patterns might
be influenced by knowledge and experience through life, it is likely not the driver of WM development in childhood.

The notion of an improvement in creating patterns in the memoranda came from the results reported by Cowan et al., (2018),
already mentioned, in which it was observed that the peripheral components of WM, but not the central storage, increased drastically
with age. This gave rise to the idea that adults somehow apply knowledge to elaborate the material and offload attention. Greene et al.
(2020) used the same method as Cowan et al. (2018) to estimate the size of the peripheral and central components of WM in younger
and older adults. They found the reversed developmental pattern as the one observed from childhood to adulthood: the capacity
estimates of peripheral components in older adults are smaller than in younger adults, but the capacity estimate of the central
component is the same. The complete developmental pattern, from childhood to old age, seems to indicate that central storage in WM
remains stable throughout life, but the ability to file information in the peripheral portion of WM improves as people grow and declines
as they age. Children acquire knowledge as they grow, but adults do not lose it as they age, therefore the automatic influence of
knowledge does not seem to be the source of WM development in this situation. We believe that a processual change in the application
of knowledge in favor of such “filing to the periphery” operation (named offloading in the present framework) is a more plausible
mechanism to explain the capability growth in childhood and is most likely based on effortful, attention-demanding processing.

The automatic influence of knowledge at verbal recall. Another automatic effect of knowledge on WM is redintegration at
recall, which we briefly discussed in the introductory section “Application of Knowledge”. Redintegration is the reconstruction of
decaying memory traces based on long-term phonological representations that emerge with speech production at response. We believe
that the automaticity of redintegrative processes cannot be the driver of WM development based on the same argument we used to
discuss the automatic encoding of visual patterns: that is, knowledge is greater in the elderly and redintegration is a preserved process
in this population (Neale & Tehan, 2007). Nevertheless, WM span in verbal recall also declines in old age, including in word, non-word,
and digit repetition tasks (Bopp & Verhaeghen, 2005; Grégoire & Van der Linden, 1997; Wingfield et al., 1988). If automatic
knowledge processes like redintegration were the main determinant of WM capability in childhood, then we should also not observe a
decline in verbal recall tasks in the elderly.

The influence of cognizance. Finally, there is the matter of cognizance, the self-awareness of one’s cognitive processes, and its
impacts on WM development. Cognizance has been proposed as a core element of cognitive development in childhood, even being
called part of the “trinity of mind” along with executive control and fluid intelligence (Demetriou et al., 2018). It is theoretically
possible that some steps of our framework are influenced by a child’s level of cognizance. For example, knowing that attention has
storage functions (e.g., “I remember more when I pay attention to the memoranda” could cause children to use their focus of attention
more effectively in steps 6 (maintenance during distraction) by adopting a proactive stance of control in the presence of a distracting
task. This is not, however, to say that WM develops as a result of enhancements in metacognition. It is more likely that improved
metacognition is a result of WM development than the opposite.

Demetriou and colleagues (Demetriou et al., 2018; Spanoudis et al., 2015) investigated the role of cognizance in children’s
development in relation with measures of many cognitive abilities, such as WM, the executive control of attention, fluid intelligence
(Gf), and processing speed. Cognizance was broken down into two different components, perceptual awareness and inferential
awareness. The former relates to children’s ability to correctly report that sensory processes are the source of a given knowledge (e.g.,
“I know because I saw it/heard it/hear someone saying it”, etc.). The latter relates to children’s ability to correctly report that
inferential mental processes are the source of a given knowledge, that is, mental operations needed to take part for a conclusion to be
reached (e.g., “I know because I though/assumed/I supposed that...”). Through structural equation modelling, Spanoudis et al. (2015)
proposed a model in which inferential awareness is an essential mediator between the basic executive functions (WM and attentional
control) and the development of Gf. The difference between the two best-fitting models was slight; however, the cognizance factor
emerged as a mediator in both. In one of them, both inferential and perceptual awareness are mediators between WM and Gf (WM —
inferential and perceptual awareness — Gf); in the other, preferred by the authors, attentional control mediates between WM and
inferential awareness, which in turn mediates Gf (WM — attentional control — inferential awareness — Gf). It is germane to our point
that the two best-fitting models include cognizance as a mediator between measures of WM and fluid intelligence across childhood,
therefore suggesting that meta-knowledge is likely not a precursor of WM increase, but rather the opposite.

People’s meta-judgments in WM tasks are sometimes good indicators of their performance, at least in the adult population (e.g.,
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Adam & Vogel, 2017; Atkinson et al., 2018). Nevertheless, it’s usually found in the literature that people overestimate their WM
capability and are overconfident in their responses (Conte et al., 2023; Cowan et al., 2016; Sahar et al., 2020). The overestimation of
WM capability is especially severe in younger children. Flavell et al. (1970) tested children from nursery school, kindergarten, second
and fourth grade (ages not reported) in a serial recall task and asked them to predict how many words they could correctly remember.
Younger children (from nursery and kindergarten) predicted they could correctly recall the audacious number of about 7-8 words in a
list, but their actual span was about 3.5 words. Older children (second and fourth graders) predicted they could recall about 6 words,
but their actual span was 4-5 words. Another example of how children overestimate their WM capability comes from a study by
Forsberg et al. (2021), in which children from ages 6 to 13 years and adults were asked to answer how many colors from a visual array
they held in WM, before recognizing a color probe. Note that, in this manipulation, participants were asked to estimate their WM
capability (i.e., k, the number of items currently held in WM), prior to being tested, which makes it prior to any experience of actual
success or failure on the trial. Although WM capability increased drastically with age, the meta-judgments did not differ across age
groups, causing younger children to overestimate their WM capability more than older children or adults. Regardless of age and actual
capability, all participants estimated it in about 3 to 4 items. The developmental effect, therefore, was not to improve the accuracy of
the meta-judgments per se but rather increase WM capability while meta-judgments remained stable. It is not clear whether younger
children are just over-optimistic or are correct in some way; for example, they may have conscious access to the items but not in a way
that is sufficient or long-lasting enough to allow subsequent success in probe recognition.

In sum, it is theoretically possible that enhancements in automatic knowledge effects and in cognizance drive some of WM
capability increase during childhood, but it is unlikely that these two factors account for all of its development.

The involvement of the focus of attention in maintaining offloaded patterns

In our framework, we assume that offloading is used to save attentional resources in situations in which some attention needs to be
divided between tasks or sets of items, as was the case of the bimodal condition in the study by Cowan et al. (2018). The transfer of
created patterns to activated long-term memory (step 5) is thought to unload storage from the focus of attention, but nonetheless it still
relies on attention to operate successfully. It is possible that central storage capacity (storage in the focus of attention) is also used to
keep track of the off-loaded set of items in the periphery, a suggestion made by Rhodes and Cowan (2018) and Cowan (2019) and
currently being investigated in our laboratory. According to this proposal, the focus of attention is used to hold individual items in the
memoranda while also holding “pointers” to groups of items or chunks held in activated long-term memory. The pointers presumably
allow the focus of attention to keep track of the offloaded material and, in the appropriate time (e.g., at response), retrieve this group
and “unpack” it again into individual items. For example, in encoding a list of 9 items (say, words), an adult might hold the last three
words in the focus of attention along with pointers that keep track of the first two groups of three words that have been elaborated and
offloaded to activated long-term memory (not always perfectly, of course). Given the list “tree-cup-bus-fire-cart-donut-bug-pen-glasses”,
the items tree, cup, bus would perhaps be kept in the focus of attention with pointers to the groups fire-cart-donut (e.g., a shopping cart
full of donuts on fire) and bug-pen-glasses (e.g., an intellectual bug wearing glasses and holding a pen nib), both of them kept in
activated long-term memory. Attentional resources need to be used at first to encode information (steps 1 to 3), and then what is left
can be used to elaborate the material (step 4), offload it to activated long-term memory, and keep track of what has been offloaded
(step 5), the whole process being reliant on the capabilities of the focus of attention. Ongoing work in our lab lends support to the idea
that the storage space in the focus of attention is used in the “keeping track” operation, but we have not yet tested this hypothesis

A) Children B) Adults
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long-term memory long-term memory

Focus of

Focus of attention

attention
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) ] : ) _ 4 B ) ) _>Om
(Encoding) L — o 4 O
(keeping track) ) (Encoding)
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Fig. 6. Hypothetical partition of attention between encoding new information and offloading items in the memoranda during input. The figure illustrates our
proposal for how the offloading process develops throughout childhood in a two-set WM procedure. The focus of attention needs to be divided
between encoding items in a second-presented stimulus set (here, musical tones) and maintaining items in a prior set (here, colored squares).
Offloading of the first set helps to minimize the load on attention during encoding of the second set. A developmental increase in attention (shown as
a larger circle in Part B) allows both for holding more items in the focus of attention and for keeping track of offloaded items more efficiently. The
shaded zones represent attentional resources devoted to maintaining the offloaded pattern in activated long-term memory, and the dashed arrows
mean that the focus of attention is keeping track of it.
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developmentally.

If it is indeed the case that the focus of attention is used to hold “pointers” to information held in activated long-term memory, lower
capabilities of the focus in children could also explain why their peripheral k estimates were smaller in Cowan et al. (2018). Therefore,
we do not consider that an age-related improvement in the creation and offloading of patterns (steps 4 and 5) eliminates the possibility
of a “true” developmental storage increase in the focus of attention. Instead, we propose that there may well be a storage increase in the
focus of attention taking place during childhood and that, with increasing knowledge and experience, this storage space also can be
strategically spared by offloading meaningful conglomerates of items to the periphery — but keeping these offloaded items is not an
operation that completely dispenses with central attention. An analogy is useful to illustrate our argument: with development, adults
are able to carry more objects because their hands (storage capacity in the focus of attention) have grown bigger, but also because they
learn how to use bags as an aid and partially free their hands (optimization of processing, also carried out by the focus of attention);
some of the transportation job has been transferred to bags (offloaded in bundles to activated long-term memory), but it still relies on
one’s grasp so it is not dropped (the focus is used to keep track the offloaded material). Fig. 6 illustrates our developmental hypothesis
of the offloading operation.

Finally, we reiterate that results from methods that prevent the implementation of strategies (e.g., span of apprehension, running
span) — and therefore are assumed to reflect only the content of the focus of attention at test time — have shown an increase during
childhood (Cowan et al., 2005), hence in our view tending to rule out the possibility of zero storage-growth in WM. Typically, adults
perform reliably better than children in running span tasks (e.g., 3.87 versus 2.44 items, respectively, Cowan et al., 2005), but the age
difference is enlarged in tasks allowing for the implementation of strategies that unload central attention, such as in Cowan et al.
(2018) (see Fig. 1 in their article). In our proposal, the increased storage capacity of the focus of attention (detected by running spans
measures) can be strategically employed to optimize processing and act as a multiplying factor of capacity in adults. This larger ca-
pacity is detected in tasks allowing for strategy use.

Future directions

Not all fundamental sources of WM development have been tested across all relevant age groups, and neither have all of them been
oppositely tested as causal explanations in every study. What seems to be a fundamental driving factor of WM development at a certain
age might as well not be the main factor years later — and such age comparisons have not been thoroughly tested out. For example,
storage capacity seems to impose a constraint on the selective encoding of information during early school years (Cowan et al., 2010),
favoring a storage account of development during childhood. However, it appears that there is some processing optimization taking
place at encoding during adolescence (Cowan et al., 2011), probably from rehearsal and elaboration, at a time when capability
measures in simple tasks that do not allow these strategies have already reached adult levels and supposedly reflect an asymptotic level
of storage growth. Our framework aims at reconciling these and other seemingly contradictory evidence of WM development, by
proposing a step-by-step description of how information is managed by the focus of attention in dual-task settings and assuming that
either factor, storage or processing, has a decisive role at different steps.

We encourage researchers to broaden their age groups while testing hypotheses of WM growth in order to provide a more complete
developmental panorama of the causal factors. Ideally, the field should aim at determining not only the order of magnitude of the
factors at each step of information processing but also across different ages. This is essential to improving educational practices
inasmuch as it allows us to tailor pedagogical materials to each age group. For instance, insisting on activities requiring shared
attention between tasks may be an unfruitful strategy for younger children who still do not have a proactive stance of attention, but
could yield good results in late elementary school years. The observation that attentional filtering is as effective in young children and
adults provided that WM is not overloaded offers an important argument for why it is preferable to present them with fewer items to be
processed at once.

An important avenue to explore concerns the partial offloading of patterns in WM, a process that we assume to happen in adults.
There is a speculative gap in our model that needs to be tested and we are currently working on it. It concerns the possibility that
patterns created in the focus of attention are offloaded to activated long-term memory, and that the focus of attention is used to
maintain the offloaded patterns. The question of whether the size of the focus of attention increases or whether it used more efficiently
with age — and in our framework, including to keep track of items in activated long-term memory — is one that has been revisited many
times in the history of developmental science. The matter is controversial: even leading proponents of processing theories of WM
development have acknowledged that it is hard to explain residual increase in WM measures after controlling for strategy use and
processing speed without admitting growth in a core storage capacity (Case, 1995). As presented in this article, the exact nature of the
role of the focus of attention in WM development, whether by storing more information and/or by optimizing processing, remains an
open question.

Finally, testing how knowledge and experience can influence the creation of patterns in the memoranda is vital for the prospects of
the theoretical framework here proposed. We are currently working on this theme by means of developing a paradigm that induces the
creation of patterns by child participants. If offloading of attention indeed occurs when patterns are created, saving storage space that
can be devoted to more items, then we should expect to see age-differences diminished when comparing children who were trained to
create patterns to untrained adults. Then, of course, we should also test the hypothesis that adults (voluntarily or involuntarily) rely on
pattern creation to offload attention.

The variation of experimental designs to tackle the offloading of attention are multiple and we are currently exploring them in our
laboratory. If indeed we observe that pattern creation frees central storage space, a derived line of inquiry regards how many offloaded
patterns the focus of attention can simultaneously keep track of, and by which means this operation is carried out. There must be a

24



L. Superbia-Guimaraes and N. Cowan Developmental Review 69 (2023) 101089

limitation in how much offload can be made by the focus of attention without incurring forgetting, and it is also possible that these
limitations are minimized with age — in which case they would become another purported source of WM development in childhood and
possibly another target of future investigation. We look forward to seeing how research in the field will develop, and we hope that the
proposed framework encourages researchers to keep exploring the entanglements between storage and processing in the development
of WM.

Conclusion

Through this article, we have addressed the important and long-standing debate on the influences of storage and processing in the
development of WM during school years. By considering evidence favoring both accounts of WM development, we have proposed an
integrative framework in which storage limitations fundamentally constrain WM capability in the early steps of information pro-
cessing, whereas the efficiency of processing mechanisms fundamentally influences later steps. Critically, our framework assumes that
the influence of both factors upon WM development is not mutually exclusive and that they can coexist at different steps of information
processing. Our framework is still in its infancy and some of the proposed mechanisms remain speculative, but we believe it can
provide developmental researchers with fruitful insight into how to reconcile opposing results in the literature — an aim that we will
keep seeking in our own future research.
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