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Past research suggests that children begin to phonologically
rehearse at around 7 years of age. Less is known regarding the
development of refreshment, an attention-based maintenance
mechanism. Therefore, the use of these two maintenance methods
by 6- and 8-year-olds was assessed using memory span tasks that
varied in their opportunities for maintenance activity. Experiment
1 showed that nonverbal processing impaired both groups’ perfor-
mance to similar extents. Experiment 2 employed phonologically
similar or dissimilar memory items and compared the effects of ver-
bal versus nonverbal processing on recall. Both groups showed evi-
dence of phonological maintenance under nonverbal processing but
not under verbal processing. Furthermore, nonverbal processing
again impaired recall. Verbal processing was also more detrimental
to performance in 8-year-olds than in 6-year-olds. Together, the
results suggest that nonverbal processing impairs recall by obstruct-
ing refreshment and that developmental change in maintenance
between 6 and 8 years of age consists primarily of an increase in
phonological rehearsal.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Working memory can be defined as the ability to retain or “store” information in the face of con-
current distraction from a secondary processing task. Therefore, the construct is often (Conway et al.,
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2005), although not exclusively (e.g., Cowan, Morey, AuBuchon, Zwilling, & Gilchrist, 2010; Oberauer,
2002), indexed by the “complex span” task in which participants are subjected to alternating process-
ing and storage demands. Compared with simple span tasks, which involve only storage and so tap
short-term memory, recall is often worse in complex span tasks (e.g., Duff & Logie, 2001; Hutton &
Towse, 2001; La Pointe & Engle, 1990). In addition, complex span tasks are often stronger correlates
than simple span tasks of higher level cognitive skills such as reasoning and intelligence (Conway,
Cowan, Bunting, Therriault, & Minkoff, 2002; Engle, Tuholski, Laughlin, & Conway, 1999; Kane, Ham-
brick, & Conway, 2005; Oberauer, Schulze, Wilhelm, & Sii3, 2005). Importantly, this also holds for chil-
dren, where the evidence suggests that complex span performance is particularly strongly related to
academic abilities such as reading and mathematics (Bayliss, Jarrold, Gunn, & Baddeley, 2003; Bull,
Espy, & Wiebe, 2008; Swanson, 2008). Unsurprisingly, working memory performance develops with
age in children (e.g., Barrouillet, Gavens, Vergauwe, Gaillard, & Camos, 2009; Bayliss, Jarrold, Baddeley,
Gunn, & Leigh, 2005; Swanson, 2008); therefore, understanding the causes of this development has
clear educational implications (cf. Holmes, Gathercole, & Dunning, 2009). The aim of the current work
was to investigate the developmental change during early to middle childhood of the maintenance
activities that might be used to support working memory. More specifically, we examined the devel-
opmental improvement in children of articulatory rehearsal and attentional refreshment.

In the adult literature, there are, broadly speaking, two different explanations as to why the impo-
sition of a processing demand within a working memory task leads to forgetting. One line of argument
is that processing disrupts the maintenance of the to-be-remembered storage items, and without
maintenance items inevitably decay (Barrouillet, Bernardin, & Camos, 2004; Barrouillet, Bernardin,
Portrat, Vergauwe, & Camos, 2007; Camos, Lagner, & Barrouillet, 2009; Towse & Hitch, 1995; cf. Con-
rad & Hull, 1966). Alternatively, processing may produce interference on the memoranda, causing for-
getting (e.g., Lewandowsky, Geiger, & Oberauer, 2008; Oberauer & Lewandowsky, 2008). However,
regardless of whether forgetting is due to decay or interference, it is clear that memory maintenance
could serve to offset any forgetting that does occur in complex span tasks.

Indeed, in the time-based resource-sharing (TBRS) model developed by Barrouillet, Camos, and col-
leagues (see Barrouillet et al., 2004, 2007; Camos et al., 2009), the strength of item representations in
memory decays over time, but participants are assumed to use temporal gaps within processing epi-
sodes to reinstantiate these memory traces, thereby increasing their activation (see Oberauer &
Lewandowsky, 2010). In support of this model, recall performance on a complex span task has been
found to be related to the pace of the processing operations. When the processing pace is slow, par-
ticipants have relatively more free time in between processing operations to engage in memory main-
tenance activities. Correspondingly, participants show superior recall in these conditions even though
this manipulation leads to an overall longer retention period within a trial (Barrouillet et al., 2004;
Lépine, Bernardin, & Barrouillet, 2005).

Similarly, interference accounts often include some form of maintenance mechanism to account for
the fact that performance improves as a result of slower rates of processing operations. Such findings
are undoubtedly highly suggestive of the use of maintenance strategies, and Hudjetz and Oberauer
(2007) went so far as to suggest that they saw “no alternative explanation for the benefit of slower
processing rates” (p. 1681). Likewise, Oberauer and Lewandowsky (2008) included a mechanism for
the strengthening of certain memory traces in their interference-based model of working memory
to account for this effect. This implementation was based on Farrell and Lewandowsky’s (2002) SOB
(serial-order-in-a-box) model of short-term memory in which forgetting is caused by the similarity
of items at the point of encoding; new items that are similar to already encountered material are en-
coded into memory less strongly. In addition, Oberauer and Lewandowsky (2008) adjusted the model
to allow for the reencoding after a burst of processing activity of just the most recently presented
memorandum—a form of maintenance activity.

Although there is some consensus on the need for maintenance operations in working memory,
there is debate as to the precise form that these operations take. Baddeley’s (1986) classic account as-
sumed that verbal memoranda were maintained by a process of rehearsal, whereby subvocal repeti-
tion of the list of to-be-remembered items served to strengthen their representations in memory (cf.
Conrad, 1964). Because rehearsal is speech based, although typically operating at the covert level
rather than the overt level, it is assumed to be blocked by any other task, such as articulatory suppres-
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sion (Murray, 1967), that recruits either speech planning or articulatory mechanisms. It is also a rel-
atively slow activity because it is limited by the speed of subvocal articulation; consequently mono-
syllabic words might each take at least 400 ms to rehearse (Baddeley, Thomson, & Buchanan, 1975;
Hulme, Maughan, & Brown, 1991; Thorn & Gathercole, 2001). In contrast, other authors have argued
that memory maintenance might involve a more rapid and domain-general attentional process, often
termed refreshment (Raye, Johnson, Mitchell, Reeder, & Greene, 2002) in which the activation of a sin-
gle item’s representation is boosted by reattending to it without any concomitant articulation. This
process is assumed (e.g., Cowan et al., 1998) to share similarities with high-speed memory scanning
(Sternberg, 1966), which appears to operate at a rate of approximately 30 ms per item. According to
the TBRS model, because refreshment requires domain-general attentional resources, it is hindered
whenever the processing in a working memory task makes attentional demands of the participant
(Barrouillet et al., 2004, 2007) regardless of whether this processing is verbal or nonverbal in nature
(Vergauwe, Barrouillet, & Camos, 2010).

A distinction between refreshment and rehearsal in the context of the study of working memory
has been drawn by two recent reports. First, Hudjetz and Oberauer (2007) gave adult participants a
“sentence span” task that required them to read a set of sentences and recall the final word of each
one. These sentences were presented at either a slow or fast pace, and participants showed better re-
call under the slow pace condition than under the fast pace condition. Furthermore, this was true even
when participants were required to read sentences at a continuous rate (by synchronizing their read-
ing with a constantly paced tone) despite the fact that a subsequent experiment showed that contin-
uous reading allows very little opportunity for subvocal rehearsal. Therefore, Hudjetz and Oberauer
contended that the maintenance operations carried out by participants were not articulatory in nature
and instead involved attentional refreshment. Second, Camos et al. (2009) presented adult participants
with a series of complex span tasks in which letters needed to be remembered while interleaved pro-
cessing operations were carried out. In one manipulation, the pace of the interleaved processing was
varied, which the authors assumed would affect the amount of time available for attentional refresh-
ment. In an orthogonal manipulation, the articulatory demand of the processing tasks was varied by
requiring participants to make their response to each processing operation either verbally or nonver-
bally, with the former being assumed to block rehearsal. Camos and colleagues found some evidence
that these manipulations had additive, rather than interactive, effects on working memory perfor-
mance, leading them to conclude that these maintenance activities were separable, and are both
implicated in adult working memory performance.

What is much less clear is whether the same holds in children and whether these two maintenance
operations have different developmental trajectories. There is considerable developmental evidence
that has been taken to suggest that the use of rehearsal begins at around 7 years of age. First, children
under 7 years of age tend not to show lip movements, indicative of a primitive approach to subvocal
rehearsal, during maintenance intervals (Flavell, Beach, & Chinsky, 1966). Second, assuming that faster
articulation rate allows more items to be rehearsed, a positive correlation between articulation rate
and memory span suggests that phonological rehearsal has taken place (Baddeley et al., 1975).! How-
ever, the correlation between speech rate and memory span is often not significant in children under
7 years of age (Ferguson, Bowey, & Tilley, 2002; Gathercole & Adams, 1993; Gathercole, Adams, & Hitch,
1994; Jarrold, Cowan, Hewes, & Riby, 2004; but see Jarrold, Hewes, & Baddeley, 2000).

Finally, phonologically confusable items are harder to recall than phonologically nonconfusable
items (Conrad & Hull, 1964). Although this “phonological similarity effect” might itself arise from
interitem confusion (Lewandowsky & Farrell, 2008; Nairne, 1990), the presence of such an effect when
material is presented visually clearly shows that participants have recoded these items phonological-
ly. Because this recoding involves subvocally naming the presented stimuli, some authors have sug-
gested that it can be linked directly to phonological rehearsal (Gathercole, 1998; Howard &

1 Similarly, if one assumes that the forgetting from immediate memory is time related (Baddeley, 1986), words that take longer
to rehearse should suffer greater forgetting than words that can be rehearsed rapidly, providing a potential explanation for the
word length effect in immediate serial recall (Baddeley et al., 1975). However, there is growing evidence that the word length
effect may be caused by greater interference effects associated with long words as opposed to short words (Brown & Hulme, 1995;
Campoy, 2008; Lewandowsky & Oberauer, 2008), casting doubt on the validity of this effect as a marker of phonological rehearsal.
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Franklin, 1990; Vallar & Papagno, 1995). Again, a reliable phonological similarity effect for visually
presented material is often not seen in children under 7 years of age (Halliday, Hitch, Lennon, & Pet-
tipher, 1990; Hayes & Schulze, 1977; Hitch, Halliday, Schaafstal, & Heffernan, 1991; Hitch, Woodin, &
Baker, 1989). Together, these three lines of evidence have led a number of authors to posit a qualita-
tive difference in the rehearsal status of children over and under 7 years of age (Gathercole, 1998;
Gathercole et al., 1994; Henry, 1991).

In contrast, there has been notably little research on the role of refreshment in children’s working
memory performance. Indeed, to our knowledge, only one previous study (Barrouillet et al., 2009,
Experiment 3) has attempted to examine how children’s working memory performance may be affected
by refreshment opportunities within a task. In Barrouillet and colleagues’ study, 5- and 7-year-olds
were given a complex span task in which they needed to remember a series of pictured animals while
naming colors that were presented during processing intervals. The duration of these intervals was
fixed, but the pace of color presentation was either fast (four per interval) or slow (two per interval),
with the assumption being that the former condition allowed fewer opportunities for refreshment than
the latter condition. Barrouillet and colleagues found that 7-year-olds’ recall was linearly related to pro-
cessing pace, with better recall in the slow condition than in the fast condition. On the contrary, process-
ing pace did not have any effect on the performance of 5-year-olds. This led the authors to suggest that
the development of refreshment mirrors the development seen for rehearsal in other studies, with a
marked change in the use of this maintenance activity at around 7 years of age. However, we note that
because the processing involved in this study required an overt verbal response, the pace manipulation
may well have tapped efficiency of phonological rehearsal in addition to refreshment.

Given this, and the scarcity of research concerning the role of these two maintenance mechanisms
in children’s working memory performance, a detailed investigation of the extent to which refresh-
ment and phonological rehearsal are used by children in such paradigms is clearly needed. Two exper-
iments were conducted to that effect. In the first experiment, 6- and 8-year-olds were given four
memory span tasks that varied in the opportunities for memory maintenance in general. The extent
to which both age groups spontaneously recoded information in a phonological form was also as-
sessed to index the likelihood of individuals engaging in phonological rehearsal. The second experi-
ment also investigated children’s ability to engage in phonological recoding but more specifically
examined the effects of two types of processing, verbal and nonverbal, on their maintenance of mem-
ory items. Verbal processing consisted of an activity that was assumed to block phonological rehearsal,
whereas nonverbal processing involved an activity that was assumed to allow phonological rehearsal
but block the attentional refreshment of memory representations.

Experiment 1

In the first experiment, we devised four memory span tasks, plus a phonological similarity effect
(PSE) task, and administered these measures to 6- and 8-year-olds. Fig. 1 shows the structure of the four
memory span tasks. At each span length, the number of storage items is identical across tasks, but the
opportunity for memory maintenance differs. At the most basic level is the simple span task, where re-
call immediately follows presentation of the storage items. Next is the delayed span task, which was
created by adding a delay between item presentation and recall. During this unfilled delay, we assume
that participants can freely use phonological rehearsal and/or refreshment for memory maintenance
provided that they are inclined to do so. The effective use of such mechanisms would result in a min-
imal decrease in the recall performance in the delayed span relative to the simple span task.

Next, the delay in the delayed span task was filled by a processing activity to create a task analo-
gous to the classic Brown-Peterson task (Brown, 1958; Peterson & Peterson, 1959). Previous work
(Barrouillet et al., 2007; Portrat, Camos, & Barrouillet, 2009; Vergauwe et al., 2010) has shown that
nonverbal processing (spatial judgments) can impair recall despite the fact that the nonverbal activity
imposes little similarity-based interference on verbal memory representations and also allows phono-
logical rehearsal to take place (Hale, Bronik, & Fry, 1997; Hale, Myerson, Rhee, Weiss, & Abrams, 1996;
Logie, Zucco, & Baddeley, 1990). Thus, nonverbal processing is likely to impair recall by disrupting
refreshment-based memory maintenance. By incorporating a nonverbal processing activity, we could
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Presentation

Simple Span: =i Sy | S» | S3 | Sy

Delayed Span: | Si | S, | S3 | S4 |

A4

Recall storage
items in correct
serial order

Brown-Peterson: | Si | S | S3 | Sy | Py | P, | P; | P,

Complex Span: | Si | Py | S, | P, | S3 | Ps | Sy | Py

Fig. 1. Schematic representation of the trials presented in the four memory span tasks in Experiment 1: simple span, delayed
span, Brown-Peterson, and complex span. “S” and “P” denote storage item and processing episode, respectively, and each
subscript number indicates the storage item or processing episode number. Each trial depicted here is at a span length of four
storage items.

assess whether nonverbal processing disrupts the refreshment mechanism in 6- and 8-year-olds, who
in turn are thought to be on the cusp of developing the other method of maintenance—phonological
rehearsal.

The last of our four memory span tasks was a variant of the complex span task. To create this task,
the processing block used in the Brown-Peterson task was divided into equal intervals, which were
then interleaved between storage items. In this way, the amounts of storage and processing demands
were equivalent between the two tasks.

In addition to the four memory span tasks, participants were given a task measuring the size of the
PSE shown for visually presented material to check whether the groups were indeed differentiable in
their tendency to engage in phonological recoding and, by implication, phonological rehearsal. In the
PSE task, memory items were presented pictorially for participants to encode and then recall. Some
trials contained only phonologically similar items (e.g., cat, man, mat), whereas others contained only
phonologically dissimilar items (e.g., bird, drum, shoe); a PSE is obtained when recall is significantly
better for phonologically dissimilar trials than for phonologically similar trials. Based on previous evi-
dence, we expected the PSE to be larger for 8-year-olds than for 6-year-olds and possibly nonsignifi-
cant in the younger group.

Similarly, we predicted that the two age groups would produce different patterns of recall perfor-
mance across our four memory span measures. First, both phonological rehearsal and refreshment can
be used during the unfilled delay in the delayed span task. Given that 8-year-olds are more likely to
carry out phonological rehearsal and possibly refreshment (Barrouillet et al., 2009), recall decrements
from simple to delayed span should be smaller for 8-year-olds than for 6-year-olds. Second, the addi-
tion of processing demands should disrupt memory maintenance (Barrouillet et al., 2007; Portrat
et al., 2009; Vergauwe et al., 2010), but it remains unclear whether nonverbal processing per se would
have a greater detrimental effect on recall in younger children than in older children. We assume that
under nonverbal processing, phonological rehearsal can take place to some extent, but refreshment
might be disrupted (Barrouillet et al., 2007; Camos et al., 2009). Given their apparently greater use
of phonological rehearsal, 8-year-olds might be more able than 6-year-olds to withstand the disrup-
tive effects of processing by carrying out some degree of phonological rehearsal (cf. Hale et al., 1997).
Thus, the drop in performance (from delayed span to the Brown-Peterson task) may be less in 8-year-
olds than in 6-year-olds. Finally, because the Brown-Peterson and complex span tasks contained
equivalent total storage and processing demands, a comparison of performance on these two mea-
sures allows one to examine whether there is any switch cost involved in alternating between phases
of storage and processing within working memory paradigms (complex span) relative to a situation in
which the processing is presented in a single block (Brown-Peterson) (Liefooghe, Barrouillet, Van-
dierendonck, & Camos, 2008) and, in this case, whether such an effect changes with age.
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Methods

Participants

Participants were recruited from Year 1 and Year 3 classes across six local state primary schools
(Bristol, UK). There were 117 5- and 6-year-olds (54 boys and 63 girls, mean age = 6 years 3 months,
range = 5 years 8 months to 6 years 9 months) and 104 7- and 8-year-olds (40 boys and 64 girls, mean
age = 8 years 3 months, range = 7 years 6 months to 8 years 9 months).

Memory span tasks

As already noted, Fig. 1 shows the structure of the four memory tasks. On each task, there were five
blocked trials for each span length, which ranged from 2 to 6 storage items. The same sets of 10, 15, 20,
25, and 30 items (for span lengths of 2, 3, 4, 5, and 6, respectively) were used for each task, albeit in a
different randomized order within each span length. On each memory span task, the items (and trials)
were presented in the same randomized order for all participants. All of the storage items were single-
syllable concrete words, and all were shown to be acquired before 6 years of age (Morrison, Chappell,
& Ellis, 1997). They were presented both auditorily and pictorially. The items were read in a male voice
(from recordings), and the pictures were black-and-white line drawings adapted from Snodgrass and
Vanderwart (1980), with 22 additional line drawings made for items not provided by those authors.

For the Brown-Peterson and complex span tasks, the nonverbal processing activity was a visual
categorization (‘“coin-collecting”) task where participants needed to categorize (‘“collect”) “gold”
and “silver” coins as quickly as possible by pressing the corresponding colored buttons on a response
box attached to the keyboard. The coins were shown one at a time at one of eight different predeter-
mined, evenly spaced locations on the screen. The sequence of coins was identical for a given trial
across participants.

Children were tested individually in a quiet room. The tasks were presented using a Macintosh lap-
top computer. Participants were told to attend to the objects shown on the screen and to remember
them in the right order. For the Brown-Peterson and complex span trials, participants were further
instructed that gold and silver coins would appear on the screen after all of the pictures had been
shown (in the Brown-Peterson task) or after each picture had been shown (in the complex span task).
Participants were encouraged to collect as many coins as possible using the response box. For each
task, they were also told to wait until prompted (by the appearance of a cartoon character on the
screen) before telling the experimenter the objects they needed to remember in the correct order.
In the delayed span task, participants were not instructed on what to do during the delay and, there-
fore, were free to engage in maintenance activities during this interval if they chose to do so.

On each trial, the pictorial form of each storage item was displayed for 1 s and the corresponding
auditory form was presented simultaneously. A blank screen of 500 ms followed each storage item. In
the simple span, delayed span, and Brown-Peterson tasks, the next storage item in the trial was pre-
sented following the blank. In the complex span task, each storage item and its subsequent 500-ms
blank was followed by a 3-s processing interval. The processing activity in the Brown-Peterson task
was given immediately after all of the storage items for that trial had been presented. The durations
of the processing intervals in a Brown-Peterson trial, and of the delay intervals in a delayed span trial,
were 6, 9, 12, 15, and 18 s for the span lengths of 2, 3, 4, 5, and 6 storage items, respectively (i.e.,
equivalent to the total duration of all processing intervals given on a complex span trial of the same
span length).

During processing, a high-pitched sound and a low-pitched sound were used to signal correct and
incorrect responses, respectively. Once a coin was collected by a participant (via button press), it dis-
appeared from the screen and, after a brief interval (100 ms), the next coin was displayed. Thus, the
processing activity was self-paced but continuous—in the sense that the next stimulus (coin) appeared
virtually immediately once the participant had responded.

In all memory span tasks, participants were instructed to recall as many items as they could ver-
bally in the correct order and to say “can’t remember” for forgotten items. Responses were recorded
manually by the experimenter on a preprinted response sheet. Participants proceeded to the next span
length if they produced perfect recall on at least 2 of the 5 trials of a given span length. The task was
terminated if they failed to do so or if all of the trials (from span length of 2-6) had been presented.
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PSE task

For the PSE task, seven phonologically similar items and seven phonologically dissimilar items
were used to construct six phonologically similar trials and six phonologically dissimilar trials, respec-
tively. No item was repeated for each trial, and each was presented pictorially without any accompa-
nying verbal label as black-and-white line drawings. For 6-year-olds, all trials contained three items,
whereas for 8-year-olds, all trials contained four items so as to increase task difficulty. In each age
group, all participants received the same trials. Before the PSE task, participants were shown each
of the items (as pictures) on the computer screen and were asked to name each one. This was to en-
sure that the participants would use the correct names for the items when recalling them later. Once
participants had named all of the items correctly, the task began. During the task, the trials alternated
between phonologically similar and phonologically dissimilar. On each trial, participants were told
that they must remember the pictures by looking at them very carefully and without overtly naming
them during their presentation. Each item was visually presented for 1 s, followed by a 500-ms blank.
Once all items had been presented for the trial, a cartoon character reappeared immediately to signal
verbal serial recall.

Order of presentation

Half of the children were given the experimental tasks in the following order: simple span, delayed
span, PSE, Brown-Peterson, and complex span. The other half were given the tasks in the reverse or-
der. Each child was tested in two sessions on separate days, with the simple span, delayed span, and
PSE tasks comprising one session and the remaining tasks comprising the other session.

Results

Calculating recall scores

For each participant, a recall score on each of the memory tasks was calculated using the partial
credit unit method recommended by Conway et al. (2005). Specifically, the proportion of items re-
called (in their correct position) was first determined for each trial. The proportional scores from all
trials were then summed to give a recall score. Table 1 shows the means and standard deviations of
the recall scores for the two age groups on the four memory span tasks.

Overall analysis on recall

A preliminary analysis showed that there was no significant effect of order of task presentation on
recall scores, F(1,217) = 0.05, p = .832, and that task order did not interact significantly with either age
group, F(1,217)=0.05, p=.819, or the combination of age group and task, F(3,651)=1.15, p=.328.
Consequently, a 2 (Age Group: 6-year-olds/8-year-olds) x 4 (Task: simple span/delayed span/
Brown-Peterson/complex span) mixed analysis of variance (ANOVA) was performed on the recall
scores. This analysis revealed a reliable effect of age group, F(1,219) = 154.05, p <.001, MSE = 27.46,
n? =.413, with older children (M = 13.91) outperforming younger children (M = 9.53) across the tasks.
The task effect was also significant, F(3, 657) = 334.87, p <.001, MSE = 4.26, 1> = .605, as was the Age
Group x Task interaction, F(3, 594) = 8.49, p <.001, MSE = 4.26, 2 = .037.

Table 1
Means and standard deviations of recall scores obtained in the four memory span tasks by 6- and 8-
year-olds in Experiment 1.

Task 6-year-olds 8-year-olds Marginal mean
Simple span 12.78 (2.60) 16.23 (2.90) 14.41 (3.24)
Delayed span 11.21 (2.65) 15.28 (2.88) 13.12 (3.43)
Brown-Peterson 7.37 (3.07) 12.03 (3.69) 9.56 (4.09)
Complex span 6.75 (3.14) 12.10 (4.24) 9.27 (4.56)
Marginal mean 9.53 (1.72) 13.87 (2.16)

Note. Standard deviations are in parentheses.
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To investigate the significant task effect and Age Group x Task interaction further, three other anal-
yses were performed on the recall scores. In these, we report only task effects and Age Group x Task
interactions because the age effect, although significant in all cases (with older children performing
better than younger children), is not directly relevant to our research interests.

Simple span versus delayed span

The first analysis, an Age Group x Task (simple span/delayed span) mixed ANOVA, examined the
effect of delay. The Age Group x Task interaction was significant, F(1,219)=5.51, p<.02,
MSE = 1.95, n% = .025, as was the task main effect, F(1, 219) = 90.28, p <.001, MSE = 1.95, 2 = .292. Post
hoc analysis of simple main effects showed that both age groups achieved better recall in simple span
than in delayed span, F(1, 116) = 69.84, p <.001, MSE = 2.08, »: = .376, and F(1, 103) = 26.18, p <.001,
MSE = 1.80, 12 = .203, for 6- and 8-year-olds, respectively. However, the decrease in delayed span, rel-
ative to simple span, was greater in the 6-year-olds (difference = 1.58) than in the 8-year-olds (differ-
ence = 0.95). When this difference was coded in proportional terms (by dividing the difference
between each individual’s performance on the simple and delayed span tasks by their performance
on the simple span task [cf. Logie, Della Sala, Laiacona, Chambers, & Wynn, 1996]), the decrease in
item recall from simple span to delayed span was again significantly greater for 6-year-olds than
for 8-year-olds, F(1,219)=9.74, p=.002, MSE = 0.02, 2 = .043.

Delayed span versus Brown-Peterson

The second analysis, an Age Group x Task (delayed span/Brown-Peterson) mixed ANOVA, exam-
ined the effect of processing on recall scores. The Age Group x Task interaction failed to reach signif-
icance, F(1,219)=2.30, p=.13, but there was a reliable task effect, F(1,219)=344.91, p <.001,
MSE = 4.01, n2 = .612, with poorer recall in the Brown-Peterson task (M =9.56) than in the delayed
span task (M = 13.12). This drop in recall from delayed span to Brown-Peterson was not different be-
tween the two age groups (differences = 3.84 for 6-year-olds and 3.26 for 8-year-olds).

Brown-Peterson versus complex span

Finally, an Age Group x Task (Brown-Peterson/complex span) mixed ANOVA compared recall on
the Brown-Peterson task with that on the more conventional complex span measure. Here neither
the Age Group x Task interaction, F(1, 219) =2.42, p=.12, nor the task effect was significant, F(1,
219)=1.50, p=.22.

PSE

For the PSE task, the proportion of items recalled in their correct positions was first calculated
across similar and dissimilar trials for each participant. The group means and standard deviations
for the proportions are arranged by item type in Table 2. These scores were subjected to an Age
Group x Item Type (similar/dissimilar) mixed ANOVA, although the main effect of age is not reported
here because participants in the two age groups received different list lengths and so this comparison
is uninformative. The Age Group x Item Type interaction was close to significant, F(1,219)=3.40,
p =.066, MSE =.022, n2 = .015. However, when the phonological similarity effect was coded in propor-
tional terms (by dividing the difference between conditions by performance on the dissimilar condi-
tion), the gain in recall when items were phonologically dissimilar did not differ between age groups,
F(1,219) = 2.48, p = .117. Furthermore, an analysis of simple main effects showed that within each age

Table 2
Means and standard deviations for similar and dissimilar items recalled correctly in the
PSE task by 6- and 8-year-olds in Experiment 1.

6-year-olds 8-year-olds
Similar .64 (.18) .51 (.19)
Dissimilar 71 (.22) .63 (.22)

Note. Standard deviations are in parentheses.
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group the PSE was reliable, with more dissimilar items than similar items being recalled,
F(1,116)=12.64, p=.001, MSE = 0.02, 12 =.098, and F(1, 103) = 35.23, p <.001, MSE = 0.02, 2 =.255,
for 6- and 8-year-olds, respectively.

Discussion

Experiment 1 showed that memory recall in both age groups was adversely affected by a delay im-
posed between item presentation and recall and by the addition of nonverbal processing during this
delay. Alternating (nonverbal) processing and storage demands, as in the complex span task, did not
induce further recall impairments in either group. The accompanying PSE task revealed that both
6- and 8-year-olds recoded visual information into a phonological form, suggesting that even
6-year-olds were able to spontaneously name information subvocally as is required for subsequent
phonological rehearsal. There was some indication that the PSE was larger in 8-year-olds than in
6-year-olds, but the interaction between age and absolute size of the PSE was only close to significant
(p =.07). This result is not completely inconsistent with previous studies suggesting an age difference
in the size of PSE for visually presented materials (e.g., Hitch et al., 1989). However, the large sample
sizes employed here provided the power to detect a small yet reliable PSE among younger children. In
addition, when the PSE was coded in proportional terms, which has the advantage of controlling for
individual differences in overall levels of performance (Beaman, Neath, & Surprenant, 2008; Logie
et al., 1996) but is rarely done in developmental studies, there was no indication of a meaningful inter-
action between PSE size and age. Thus, although there is some evidence from this task that the degree
of recoding increases with age, the development of this ability might not be as dramatic and stage-like
as believed previously. We return to this point in the General discussion.

Although both age groups showed some evidence of recoding visual materials into phonological
forms, the maintenance of these representations during an unfilled delay was not 100% successful,
with both groups showing an overall decrease in performance from simple span to delayed span. This
decrease, however, was greater for 6-year-olds than for 8-year-olds and remained so even when coded
in proportional terms. Therefore, this difference may provide a clearer indication of a greater propen-
sity for phonological recoding and rehearsal in the older children than in the younger children.

Compared with the decrease in recall performance due to unfilled delay, the impairment to recall
caused by processing during the delay was far more catastrophic. Given that the processing employed
in this experiment (visual categorization) was nonverbal in nature, it should be possible to maintain
memory items through phonological rehearsal during processing. Because 8-year-olds have previ-
ously been suggested to use phonological rehearsal to a greater extent than 6-year-olds, it was ex-
pected that older children would be able to sustain a higher level of recall than younger children
when faced with nonverbal processing. Contrary to this expectation, both age groups were impaired
by nonverbal processing to similar extents. This suggests that nonverbal processing disrupted memory
maintenance in some other way, possibly by preventing memory representations from being re-
freshed or reactivated, and that both age groups suffered equal amounts of disruption to the refresh-
ment mechanism. Certainly, if one assumes that nonverbal processing still allows for rehearsal (cf.
Jarrold, Tam, Baddeley, & Harvey, in press), the equivalent effect of this processing activity does sug-
gest that refreshment was equally compromised in the two age groups.

A final result to note is that there was no evidence that either age group performed less well on the
complex span than on the Brown-Peterson task. This implies that there are not substantial “switch
costs” associated with complex span performance (cf. Tehan, Hendry, & Kocinski, 2001), although it
is possible that any detrimental effects of switching in the complex span task are offset by the greater
temporal distinctiveness of storage items within this procedure relative to the Brown-Peterson para-
digm (see Brown, Neath, & Chater, 2007).

In summary, Experiment 1 failed to reveal any significant age difference in the use of the refresh-
ment mechanism by the two age groups. Furthermore, the finding of a reliable PSE in our 6-year-olds
was somewhat contrary to past findings showing a clearer age difference in this measure between
6- and 8-year-olds, with the PSE absent in the former group and present in the latter group (e.g.,
Gathercole, 1998; Hitch et al., 1989). These two separate findings from Experiment 1 were examined
further in Experiment 2. First, we sought supporting evidence that the PSE exists in younger children
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and examined whether or not there is a reliable age difference in the PSE size between 6- and 8-year-
olds. We note that the results concerning the PSE from Experiment 1 might have been influenced by
scaling artefacts because the 6-year-olds were given “easier” trials containing three items rather than
four items per trial as received by the 8-year-olds. Although proportional coding of the effect should
address scaling issues to some degree, both age groups in Experiment 2 were administered the PSE
task with the same span procedure to provide a fairer indication of potential age differences in the
PSE produced for visual materials.

Second, we reasoned that in Experiment 1, the recall decrement caused by nonverbal processing
was due to a disruption in the refreshment of memory representations because phonological rehearsal
should be unaffected by nonverbal processing. Although it might be argued that the coin-collecting
task may have encouraged the use of subvocal naming of the two colored targets or the responses
associated with them, the fact that participants simply needed to respond by pressing a button of
the same color as the target means that the processing task involved a visual forced-choice response
with a clear mapping between target and response. Nevertheless, to bolster this claim, a direct com-
parison between the effects of verbal and nonverbal processing on recall was needed. In Experiment 2,
along with simple and delayed spans, two versions of the Brown-Peterson task were devised. In these,
the same stimuli were presented during the processing intervals of the tasks, but participants were
told to perform either verbal or nonverbal processing on the stimuli. Furthermore, the PSE materials
were used as storage items in all of the memory span tasks in Experiment 2. In this way, the impact of
verbal and nonverbal processing on the opportunities for phonological recoding, and by inference pho-
nological rehearsal, could be clearly determined.

Experiment 2

The four tasks employed in Experiment 2 were simple span, delayed span, and two versions of the
Brown-Peterson task: one with verbal processing (Brown-Peterson-verbal) and the other with
nonverbal processing (Brown-Peterson-nonverbal). The complex span task was not included here
because Experiment 1 showed that the additional requirement to switch between processing and stor-
age demands did not have an effect on the recall of either age group. For the tasks retained here, their
structures were as described in Experiment 1 (see Fig. 1). However, all four tasks in Experiment 2 in-
volved trials containing either phonologically similar or phonologically dissimilar items. By embed-
ding the PSE manipulation with the span tasks, we were able to remove the need to present
different list lengths to the two age groups to examine the PSE, as was the case in Experiment 1. Past
adult studies have examined the PSE in the context of memory span tasks to examine the claim that
recall in working memory tasks is supported by the phonological loop (Lobley, Baddeley, & Gathercole,
2005; Tehan et al., 2001). In a similar vein, the PSE observed here for visually presented memoranda
would indicate, first, the tendency of 6-and 8-year-olds to engage in phonological recoding of these
materials and, second, the conditions under which these phonologically recoded representations were
successfully maintained.

Methods

Participants

Participants were recruited from two local state primary schools. There were 64 children each from
Year 1 (27 boys and 37 girls, mean age =6 years 3 months, range =5 years 9 months to 6 years
9 months) and from Year 3 (33 boys and 31 girls, mean age =8 years 3 months, range = 7 years
9 months to 8 years 9 months).

Procedure

Within each age group, participants were divided into four subgroups, with each subgroup receiv-
ing a different experimental memory span task (simple span, delayed span, Brown-Peterson-verbal,
or Brown-Peterson-nonverbal). To ensure that the subgroups were not different in terms of basic
short-term memory capacity, children from both age groups were administered a digit span task in
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the first test session, and these digit span scores were used to assign individuals within each age group
to the four subgroups in a way that minimized the differences in both the mean and variation in verbal
short-term memory ability across subgroups. In a second session, participants were given one of four
memory span tasks. At each session, participants were tested individually in a quiet room. All tasks
were programmed on a Macintosh laptop computer and presented via a touch-screen.

Digit span task

In the digit span task, digits from 1 to 9 were used to create four trials at each span length, ranging
from two to seven digits. A practice trial containing two digits was also created, and this was pre-
sented before the test. No digit was repeated within a trial, and the trials were presented to all par-
ticipants in the same fixed order. On each trial, each digit was presented visually and auditorily for
1 s with a 500-ms interstimulus interval (ISI). Children were instructed to remember the digits for la-
ter recall, which was prompted by the appearance of a cartoon character immediately after the digit
sequence. Recall was verbal. Participants were told to say “can’t remember” in place of forgotten
items. Responses were recorded manually as in Experiment 1. A span procedure was employed, with
the task terminating when all trials at a particular span length were recalled unsuccessfully.

Memory span tasks

In a second session, each participant was given one of four memory span tasks. For all tasks, the
storage items were monosyllabic concrete nouns that were presented as pictures without any accom-
panying verbal label. All nouns were acquired by 6 years of age, according to age of acquisition norms
(Bird, Franklin, & Howard, 2001; Gilhooly & Logie, 1980; Morrison et al., 1997). The nouns formed two
sets of nine items in each: a phonologically similar set and a phonologically dissimilar set. Each set
was used to create four phonologically similar and four phonologically dissimilar trials at each span
length level (from 2 to 6 storage items) and an additional practice trial containing two items. No item
was repeated within a single trial, and the same trials were presented in the same fixed order across
participants and across the four memory span tasks. Within each task, the phonologically similar and
dissimilar trials were presented in separate blocks.

On each memory span task, storage items were presented visually for 1s each with an ISI of
500 ms. The duration of the delay and processing interval (in the Brown-Peterson tasks and delayed
span task, respectively) was determined by adding 2 s to the interval for every storage item presented.
Thus, in those tasks, the duration of the delay/processing interval was 4, 6, 8, 10, and 12 s for trials
containing 2, 3, 4, 5, and 6 storage items, respectively.

During the processing interval in the Brown-Peterson tasks, a red or green circle was presented. For
the Brown-Peterson-verbal task, the circle was displayed at the center of the screen and the partici-
pant was to name the color of the circle as quickly as possible. Once the color was named, the next
circle was presented (after an ISI of 200 ms) via a mouse-click by the experimenter. For the Brown-
Peterson-nonverbal task, the circle was presented at one of eight predetermined locations on a
touch-screen. The touch-screen was divided in half by a vertical line down the center, and two buttons
were located on each side of the screen (left and right) near the bottom. Participants were instructed
to touch the button that was on the same side as the circle as quickly as possible (the color of the circle
was to be disregarded here). Once a response had been made, the next circle was presented (after an
ISI of 200 ms).

The order of presentation of the phonologically similar and dissimilar blocks of each memory span
task was counterbalanced across participants. Before each block was given, participants were shown
each of the nine pictorially presented items used for that block and were asked to name them. Any
incorrect naming was corrected at this point. This was followed by the practice trial and the test block.
Participants were instructed to look at the pictures quietly and to try to remember them. Verbal recall
was prompted by the appearance of a cartoon character at the end of the trial, and participants were to
recall items serially and to say “can’t remember” for forgotten items. Responses were recorded by
hand by the experimenter as in Experiment 1. A span procedure was again adopted for each test block,
with testing terminating when all four trials within the same span length level were recalled
incorrectly.
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Results

For each participant, a digit span score and recall scores for phonologically similar and dissimilar
items on the memory span task were calculated using the partial credit unit method as described
in Experiment 1. The digit span score data showed that 6-year-olds (M = 12.90), on average, recalled
fewer digits in the correct order than 8-year-olds (M = 16.35), F(1, 126) = 71.07, p <.001, MSE = 5.35,
n% = .361. Within each age group, the mean digit span scores of subgroups assigned to the four differ-
ent memory span tasks did not differ significantly from each other (Fs < 1 for both 6- and 8-year-olds).
The characteristics of each age group and subgroup can be found in Table 3.

Analysis of recall scores

The recall scores for similar and dissimilar items within each task condition, arranged by age group,
are shown in Fig. 2. A 2 (Age Group: 6-year-olds/8-year-olds) x 4 (Task: simple span/delayed span/
Brown-Peterson-verbal/Brown-Peterson-nonverbal) x 2 (Item Type: phonologically similar/dissimi-
lar) mixed ANOVA was performed on the recall scores from the four experimental tasks. Both age
group and task were between-participants factors, and item type was the within-participant factor.
The overall three-way interaction among age group, task, and item type failed to reach significance,
F(3,120)=1.10, p = .35. However, all other two-way interactions were significant and are discussed

Table 3
Numbers of participants, mean ages, and mean digit scores within each subgroup for 6- and 8-year-
olds in Experiment 2.

6-year-olds 8-year-olds
n Age Digit score n Age Digit score
(years) (years)
Simple span 16 6:03 12.80(1.94) 16 8:02 16.31 (2.56)
Delayed span 15 6:02 12.93(2.14) 16 8:03 16.42 (2.40)
Brown-Peterson-verbal 16 6:04 13.07 (2.11) 16 8:03 16.30 (2.50)
Brown-Peterson-nonverbal 17  6:02 12.81(2.80) 16 8:03 16.35 (2.33)

Note. Standard deviations are in parentheses.
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Fig. 2. Recall scores for similar and dissimilar items obtained for subgroups within the simple span (SS), delayed span (DS),
Brown-Peterson-verbal (BP-V), and Brown-Peterson-nonverbal (BP-NV) conditions in Experiment 2. The left and right panels
show the results for 6- and 8-year-olds, respectively. Error bars are 95% confidence intervals that account for between-
participants variability (Bakeman & McArthur, 1996).
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in detail below. Before that, the main effects are reported briefly here. The age group main effect was
significant, with 8-year-olds (M=9.33) achieving better recall than 6-year-olds (M =6.34),
F(1,120) = 60.16, p <.001, MSE = 9.35, 2 = .334. Recall scores also varied across memory span tasks,
F(3,120)=50.17, p <.001, MSE = 9.35, 2 = .556. This significant task main effect reflects the fact that
both the Brown-Peterson-verbal (M = 4.06) and Brown-Peterson-nonverbal (M = 7.75) tasks yielded
poorer recall than the delayed span task (M =9.43), F(1,59) = 105.24, p <.001, MSE = 8.45, % =. 641,
and F(1,60)=6.28, p<.02, MSE =12.24, n%=.095, respectively. Recall performance, however, did
not differ significantly between the simple span (M=10.16) and delayed span conditions,
F(1,59) =1.85, p =.18. Finally, the item type main effect was significant, with better recall for dissim-
ilar items (M = 8.52) than for similar items (M = 7.15), F(1, 120) = 52.92, p < .001, MSE = 2.24, n? = .306.

Age Group x Task interaction

The significant Age Group x Task interaction, F(3, 120) = 5.46, p <.001, MSE = 9.35, 3 =.120, arose
because the relative drop in performance on the Brown-Peterson-verbal task, compared with the
other three tasks, was more substantial in 8-year-olds than in 6-year-olds. Consistent with this con-
clusion, the Age Group x Task interaction was eliminated if the same analysis included only simple
span, delayed span, and Brown-Peterson-nonverbal conditions as levels of the task factor (F<1).
More specific comparisons against delayed span performance also revealed that the relative decrease
in recall in the Brown-Peterson-verbal task was significantly greater for 8-year-olds (mean
difference = 6.88) than for 6-year-olds (mean difference = 3.75), F(1,59)=9.14, p <.01, MSE = 8.45,
n? =. 134, whereas the decrease in the Brown-Peterson-nonverbal task (relative to the delayed span
task) did not interact with age group (F < 1). Finally, the two age groups did not differ significantly in
their performance on the Brown-Peterson-verbal task (F< 1).

Age Group x Item Type interaction

The significant Age Group x Item Type interaction, F(1, 120) =4.16, p <.05, MSE = 2.24, n? =.033,
was due to the magnitude of the PSE being clearly larger in 8-year-olds (M = 1.74) than in 6-year-olds
(M =0.99). However, analysis of simple main effects showed that both age groups independently pro-
duced a reliable PSE, with more dissimilar than similar items being recalled, F(1, 63) = 13.44, p =.001,
MSE =233, n2=.176, and F(1,63)=34.46, p<.001, MSE =2.82, n2=.354, for 6- and 8-year-olds,
respectively. In addition, when the size of the PSE was coded in proportional terms (see Experiment
1), the age difference in the effect was no longer significant, F(1,219)=2.48, p=.117.

Task x Item Type interaction

The significant Task x Item Type interaction, F(3, 120)=7.20, p <.001, MSE = 2.24, n% =.153, re-
flected the fact that the PSE was significant in the simple span (M = 1.62), delayed span (M = 1.78),
and Brown-Peterson-nonverbal (M = 2.16) tasks (analysis of simple main effects showed that in these
tasks recall was significantly greater for dissimilar items than for similar items, lowest F = 16.69, all
ps <.001) but was not reliably observed in the Brown-Peterson-verbal task (M =-0.10, F < 1). Indeed,
when data from the Brown-Peterson-verbal condition were removed from the analysis, the
Task x Item Type interaction ceased to be significant (F< 1). In addition, when the PSE was coded
in proportional terms, there was a significant effect of task on this measure, F(3,124)=7.33,
p <.001, MSE = 0.42, n2 = .151, which was no longer significant when the Brown-Peterson-verbal task
was removed from the analysis, F(2,93)=1.18, p =.312.

Discussion

The results from Experiment 2 supported the conclusions established in Experiment 1 in two major
respects. First, a reliable PSE was again observed in both age groups, although in this instance the ef-
fect was significantly larger for 8-year-olds than for 6-year-olds when considered in absolute terms
(the comparison of proportionalized scores was again nonsignificant). Thus, both 8- and 6-year-olds
showed a tendency to recode and then maintain visually presented stimuli in a phonological form,
and there was some, albeit not overwhelming, evidence that this tendency was stronger for older chil-
dren than for younger children.
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Second, Experiment 2 replicated Experiment 1 in showing the detrimental effect of nonverbal pro-
cessing on recall; performance was superior in the delayed span task than in the Brown-Peterson-
nonverbal task. This indicates that the nonverbal processing employed here was sufficiently demand-
ing to capture attention and presumably to disrupt refreshment as a result. Certainly, it would be hard
to argue that the processing operations caused forgetting as a result of interference with the verbal
memoranda given that nonverbal processing simply required participants to touch the side of the
screen on which the target appeared. Furthermore, the presence of a PSE in the Brown-Peterson-non-
verbal task suggests that phonological recoding and maintenance, presumably via rehearsal, was still
possible in the face of nonverbal distractor activity for both 6- and 8-year-olds.

Unlike Experiment 1, however, Experiment 2 did not provide evidence that an unfilled delay caused
significant impairment in recall or that the decrease in performance from simple span to delayed span
was different between the two age groups. We note that the sample size in Experiment 1 was nearly
twice that in Experiment 2 and that task type was manipulated within-group in the former experi-
ment and between-groups in the latter experiment. Furthermore, at each span length, the delay inter-
val was longer in Experiment 1 (3 s per storage item was added to the interval) than in Experiment 2
(2 s per storage item). Together, these methodological differences might have allowed the small task
effect and the Age Group x Task interaction to be detected in the first experiment but not in the sec-
ond experiment.

General discussion

In two experiments, memory recall by 6- and 8-year-olds was examined using memory span tasks
that differed in the extents to which maintenance, by phonological rehearsal and/or refreshment,
could be carried out. These age groups were selected because previous research has led to the accepted
view that one of these maintenance methods, phonological rehearsal, develops at around 7 years of
age. In Experiment 1, both age groups suffered a substantial decrement in recall in a Brown-Peterson
task, where a nonverbal processing activity was performed during the retention interval. In a separate
PSE task, the two age groups independently produced reliable phonological similarity effects, although
there was a slight suggestion that the size of this effect was larger among 8-year-olds. Experiment 2
incorporated the PSE stimuli into the memory span tasks and assessed the effect of nonverbal and ver-
bal processing on the opportunity for phonological rehearsal and, subsequently, recall performance.
Replicating results from Experiment 1, Experiment 2 showed that in both age groups nonverbal pro-
cessing impaired recall but that the PSE was still clearly observed in this condition. In contrast, the PSE
was eradicated by verbal processing. This finding was accompanied by a drastic decrease in recall, par-
ticularly for 8-year-olds, whose performance became statistically equivalent to that of 6-year-olds. In
both experiments, therefore, verbal processing appears to have prevented phonological rehearsal in
our participants; an effect that was particularly damaging to the recall of 8-year-olds.

It is, of course, possible that the form of verbal processing employed in Experiment 2 blocked both
rehearsal and attentional refreshment. According to the TBRS model, the resources that support
refreshment are also recruited by any processing that requires attentional retrieval (Barrouillet
et al., 2004, 2007). The processing employed in the Brown-Peterson-verbal task in Experiment 2 re-
quired participants to name the color of a presented target, and although this might not have been
particularly attentionally demanding, it does involve the retrieval of the color name from long-term
memory. In that sense, the forced-choice decision involved in the task is arguably comparable to that
required in the nonverbal processing task employed in Experiment 1. Future research could address
this issue further by combining the verbal and nonverbal processing tasks employed in Experiment
2, for example, by asking participants to name the color of a target while also judging its spatial loca-
tion (cf. Oberauer & Lewandowsky, 2008). However, given the low levels of recall seen in children of
this age on the Brown-Peterson-verbal task in Experiment 2 (see Fig. 2), there may be relatively little
room to see an additional decrement from combining these two types of processing. In addition, the
key point to emphasize here is that regardless of whether the verbal processing employed in Experi-
ment 2 blocked refreshment or not, the greater decrement caused by verbal processing, as opposed to
nonverbal processing, in that experiment can be readily explained by the fact that verbal processing
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blocks rehearsal by virtue of engaging participants in irrelevant articulation (cf. Baddeley, 1986; Hud-
jetz & Oberauer, 2007).

Our findings suggest, therefore, that phonological recoding and maintenance via rehearsal play a
greater role in the working memory performance of older children than of their younger counterparts.
This conclusion might at first appear to agree with the past proposal of a qualitative change in the use
of phonological rehearsal at 7 years of age (e.g., Gathercole, 1998). However, both experiments con-
ducted here indicated quite clearly that, as a group, children under 7 years of age showed some ten-
dency to recode visually presented stimuli into phonological forms, an ability that is thought to be
directly linked to subvocal rehearsal. Thus, the current data suggest that the developmental change
in the use of phonological recoding and, by implication, rehearsal is likely to be quantitative, rather
than qualitative, between 6 and 8 years of age.

One potential counter to this claim follows from the fact that when phonological recoding was as-
sessed in both experiments, participants were given a pretest in which they were asked to name the
pictures used to depict the similar and dissimilar storage items. This is standard practice in this area
(e.g., Halliday et al., 1990; Hitch et al., 1989, 1991) because one needs to ensure that participants iden-
tify each item correctly so as to ensure that the similarity manipulation is effective, and it should be
emphasized that when the stimuli were presented for recall they were only ever presented visually.
However, it is possible that this pretest phase encouraged more recoding of these items in the memory
phase of the task than might otherwise have been spontaneously observed, particularly among youn-
ger children. It is worth noting that studies using exactly this procedure have previously been cited as
evidence for quantitative evidence of a change in rehearsal with age. In addition, there is other evi-
dence in the literature to suggest that children age 6 years or under may already engage in phonolog-
ical recoding and rehearsal even if not to an extent that is regularly detectable. For example, Ford and
Silber (1994) found that the phonological similarity effect for visually presented material in children
age 6 years or under, although significantly smaller than that in children age 6 years or over, was
nonetheless reliable (see also Al-Namlah, Fernyhough, & Meins, 2006). Indeed, it may well be that
the generally lower levels of overall performance seen among younger children make phonological
similarity effects somewhat harder to detect than those in older children (cf. Beaman et al., 2008; Lo-
gie et al., 1996), a suggestion supported by the fact that significant and close to significant interactions
between the absolute size of the PSE and age in both experiments were nonsignificant when the size of
the PSE was coded proportionally. Certainly, one would not want to argue that children under 7 years
of age never recode visual images given that children much younger than this can clearly name pic-
tured objects when asked to do so. Nevertheless, the view that recoding and rehearsal do not begin
until around 7 years of age is widely held, and the current data clearly cast serious doubt on this
assumption.

In contrast to evidence consistent with a quantitative increase in phonological rehearsal use be-
tween 6 and 8 years of age, the current data suggest little development in the use of the refreshment
mechanism between these two ages. In the two experiments here, both 6- and 8-year-olds showed
similar degrees of decrement in recall under concurrent nonverbal processing despite the fact that
phonological recoding (as gauged by the PSE) clearly occurred in this condition. On the one hand,
this finding points to the existence of a refreshment-based maintenance mechanism that can be dis-
rupted by nonverbal processing while leaving phonological rehearsal unhindered (Hudjetz & Obe-
rauer, 2007; see also Camos et al., 2009; Mora, Camos, & Oberauer, 2008). On the other hand, our
conclusion regarding the developmental course of the refreshment mechanism is contrary to that
claimed by Barrouillet et al. (2009). As described in the Introduction, Barrouillet and colleagues
found that 7-year-olds showed better recall when the processing pace in a working memory task
was slow rather than fast, whereas 5-year-olds were not susceptible to this effect. The authors
attributed this finding to the use of refreshment as a method of memory maintenance by 7-year-olds
but not by 5-year-olds. In view of the current data, we would instead argue that the 7-year-olds in
Barrouillet and colleagues’ study not only were carrying out refreshment but also were engaged in
phonological rehearsal to a greater extent than the 5-year-old participants. This interpretation would
be consistent with the claim that refreshment efficiency does not develop as rapidly as rehearsal be-
tween 6 and 8 years of age and our finding of a comparable effect of nonverbal processing on recall
in these two age groups.
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However, an alternative reading of this aspect of the current data follows from the fact that Barr-
ouillet et al. (2009) found that although 5-year-olds showed no effect of varying the number of colors
to be named in a processing interval, they were affected by the imposition of a processing load relative
to a baseline condition. Specifically, the drop in performance from a delayed span task to the condition
in which participants named two colors in the corresponding processing interval was comparable in
the two age groups. Barrouillet and colleagues’ interpretation of this pattern among 5-year-olds was
that although these individuals were not engaging in refreshment, they were prevented from “pas-
sively paying attention” to the memoranda by the general “distraction” produced by any processing
load. Therefore, it is possible that the comparable effect of nonverbal processing seen in the two
age groups assessed in the current study reflects a greater susceptibility to the interfering effects of
processing among younger individuals than among older ones coupled with a comparably greater dis-
ruption of refreshment among older children than among younger children.

One concern with this suggestion is that it is not entirely clear how the disruption of passive atten-
tion due to interference in younger individuals differs conceptually from the prevention of active
maintenance via rehearsal in older participants; put another way, how does paying passive attention
offset the decay of representations assumed by the TBRS model if not by some process such as refresh-
ment? In addition, we would argue that it is unlikely that these opposing effects would balance out
exactly and that this account is, therefore, less parsimonious than the suggestion that the 5-year-olds
in Barrouillet et al.s’ (2009) study suffered from disruption to refreshment from the imposition of a
processing load, whereas the 7-year-olds also experienced additional disruption of rehearsal as indi-
cated by the effect of pace of processing on their performance. The advantage of our methodological
approach is that by separately examining the effects of verbal and nonverbal processing on the devel-
opment of working memory, we can more clearly isolate the disruptive effects of processing on re-
hearsal and refreshment than one can by simply manipulating the amount of processing from a
single domain. The fact that our data showed that nonverbal processing did not disrupt phonological
recoding and rehearsal, but nonetheless impaired recall to similar extents for both 6- and 8-year-olds,
does suggest that the ability to refresh memoranda is in place by 6 years of age and that this ability
does not develop considerably within this particular age range.

Of course, this raises the question of why refreshment develops less noticeably than rehearsal
within this age range. If Barrouillet et al. (2009) are correct in suggesting that refreshment reflects
the allocation of attention to the memoranda, this may well reflect a relatively primitive and auto-
matic process. Certainly, by 6 years of age, children are capable of shifting their attention (Manly
et al,, 2001), and although the ease and speed with which attention is deployed no doubt improve
when measured over a sufficiently large age range, it may be that the rate of this improvement in
the context of immediate memory is different from that seen for rehearsal. Support for this suggestion
comes from Cowan et al.s’ (1998) study in which estimates of “rehearsal” and “retrieval” (with the lat-
ter corresponding closely to the notion of refreshment employed here) were indexed from children’s
short-term memory performance by measuring pause and word durations within response outputs.
Cowan and colleagues found that these two measures explained separate variance in the memory
span of 7-11-year-olds (see also Jarrold et al., 2000) and showed no evidence of intercorrelation. In
other words, the developmental processing underlying refreshment and rehearsal may well be sepa-
rable, allowing the two processes to develop at different rates (cf. Bayliss et al., 2005).

At the same time, it should be noted that Cowan et al.s’ (1998) data indicated that both rehearsal and
retrieval (or refreshment) factors mediated age-related changes in memory span, and we do not wish to
claim that the efficiency of refreshment does not improve at all with age. Rather, we would argue that
the 6-8-year period represents a time window in which rehearsal efficiency is undergoing a more
marked developmental improvement. This is certainly consistent with previous evidence of a large
change in the size of the phonological similarity effect for visually presented material at around 7 years
of age that is often attributed to the onset of an explicit rehearsal strategy at this age (e.g., Flavell et al.,
1966). As noted, our data are more consistent with the suggestion of quantitative changes in rehearsal
efficiency, which might be better explained in terms of relatively rapid increases in the speech rate at
this point of development rather than the abrupt onset of strategy use. However, these are somewhat
speculative suggestions that would ideally need to be verified in future research that examines the
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developmental changes in rehearsal and refreshment efficiency across a broader age range than as-
sessed here.

Conclusion

The two experiments conducted here indicated that nonverbal processing within a Brown-Peterson
task paradigm impaired recall to similar degrees in both 6- and 8-year-olds, probably by disrupting a
refreshment-based maintenance mechanism. In contrast, verbal processing disrupted phonological
recoding and rehearsal in both age groups but did so to a greater extent in older children than in youn-
ger children. Overall, this study provided evidence that two separate maintenance mechanisms are
already in place by 6 years of age, although their courses of development appear to differ. The findings
presented here, therefore, highlight the need to consider how the processing component within work-
ing memory measures can affect the workings of phonological rehearsal and attentional refreshment in
children at various points of development. The blocking of phonological rehearsal would be expected to
have a larger impact in older children who have a greater reliance on this method of memory mainte-
nance. In contrast, the disruption to refreshment would appear to have more similar effects across chil-
dren between 6 and 8 years of age.
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