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Developmental Increase in Working Memory Span:
Resource Sharing or Temporal Decay?

Pierre Barrouillet and Valérie Camos

Université de Bourgogne, Dijon, France

Working memory span tasks require participants to maintain items in short-term memory while performing
some concurrent processing (e.g., reading, counting, and problem solving). It has been suggested that the diffi
culty of these tasks results either from the necessity of sharing a limited resource pool between processing an
storage (Case’s cognitive space hypothesis) or from the fact that the memory traces suffer from a temporal deca
while the concurrent task is being performed (Towse and Hitch’'s memory decay hypothesis). We tested these tw
hypotheses by comparing children’s performance in tasks in which the processing component always had the
same duration but varied in cognitive cost (counting or problem solving vs repeatedly saying “baba”). The results
indicate that both time and limitation of resources constrain performance in working memory tasks. We discuss
their implications regarding current models of working memogy2001 Academic Press
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In recent years, cognitive psychologists haver the nature of the resources, the quantity o
been paying increasing attention to the concephich is thought to be limited (Anderson,
of working memory (WM) as an explanatoryReder, & Lebiere, 1996; Conway & Engle,
device for the limitations of high-level cognitive1994; Engle, Conway, Tuholski, & Shisler,
processes, cognitive development, and individ995; Cowan, 1995).
ual and developmental differences (Cowan, Despite these differences, a number of mod-
1995; Engle & Oransky, 1999; Logie &els suggest that the storage and processing a
Gilhooly, 1998; Miyake & Shah, 1999). Work-tivities compete for limited WM capacity (e.g.,
ing memory is thought to be a devolved systedinderson, Reder, & Lebiere, 1996; Baddeley,
for the temporary storage and processing of i1986; Case, 1985; Daneman & Carpenter, 1980
formation during the accomplishment of cognidust & Carpenter, 1992). Consequently, a large
tive tasks (Baddeley, 1986). The numerous modumber of tasks which require simultaneous
els which have been proposed differ in the tygerocessing and storage have been devised i
of structure involved (Baddeley, 1986; Casegrder to evaluate subjects’ WM capacity, e.g.,
1985; Cowan, 1988, 1995; Ericsson & Kintschieading span (Daneman & Carpenter, 1980)
1995; Just & Carpenter, 1992; La Pointe &ounting span (Case, 1985), and operation spa
Engle, 1990; Schneider & Detweiler, 1987); th€Turner & Engle, 1989). These measures have
existence or not of a single resource pool (Danproved to be better predictors of performances
man & Carpenter, 1980, 1983; Daneman &n complex cognitive abilities, such as reason-
Green, 1986; Cantor & Engle, 1993; Engleing, problem solving, or reading comprehen-
Cantor & Carullo, 1992; Turner & Engle, 1989);sion, than the traditional short-term memory

span measures (digit span and word span)
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creases with age (Cowan, 1997). If this is inerease in the counting span with age. Case’
deed the case, then this increase in cognitive caypothesis was therefore that there is a trade
pacity may be a factor in the explanation of cogeff between two activities (processing and stor-
nitive development (Case, 1985; Halford, 1993age) which compete for a single, limited cogni-
Halford, Wilson, & Phillips, 1998; Pascual-tive space, Total Processing Space.
Leone, 1970). Of course, performance in WM This trade-off hypothesis has recently been
span tasks might well provide an indication otalled into question by Towse and Hitch (1995),
the growth of this capacity with age. In a semiwho proposed an alternative to Case’s limited
nal study, Case, Kurland, and Goldberg (1982)ognitive space hypothesis. Indeed, the countin
presented children with a counting span taslspan task fails to differentiate between the cogni-
The children were asked to count out loud dotsve cost of the counting activity and the tempo-
on cards and then recall the number of dotsal period of storage. As the authors have pointec
present on each card. The experimenters variedt, it might be supposed that the strength of the
the number of cards to be counted and conseiemory trace in the short-term storage spac
quently also the number of values to be recalledfould weaken as the interval between storage
following counting. The maximum number ofand recall increases. The higher counting span o
cards the children were able to remember comlder children might be due to the fact that they
stituted their counting span. Case et al. (1982pount more quickly and that this speed reduce:
have shown that this counting span increaséke period during which the information has to
with age and that it is linked to the maximumbe retained. This reduction would then lead to
counting speed: The faster the counting, thinproved recall performance. This hypothesis
higher the counting span. The explanation prappears all the more plausible in view of the fact
posed by Case is that each individual possesstaat Case et al. (1982) observed that counting
a Total Processing Space (TPS), which is subdspeed increases with age and that this speed
vided into an Operating Space (OS), which isorrelated with the counting span. Towse anc
required for the counting operation, and a residditch pointed out that their alternative hypothe-
ual space, which remains available for storingis (i.e., memory decay hypothesis) obviates the
the results (Short-Term Storage Space areed for recourse to the notions of Operating
STSS). Thus, the Total Processing Space is e$pace or the sharing of a Total Processing Spac
pressed as follows: for processing and storage in order to account fo
_ the difficulty of the counting span task.
TPS=0S+ STSS. To decide between these two hypotheses
Moreover, the TPS is thought to remain conTowse and Hitch (1995) manipulated the diffi-
stant across age. Indeed, Case et al. (198Q)lty of the counting task while keeping its exe-
asked adults to perform a counting task usingution time constant. The traditional counting
terms learned prior to the experiment instead afpan task consists of counting target object
the traditional sequence of numbers. In thigvhich are mixed up with other objects. It is easy
condition, which increases the difficulty of theto distinguish between the former and the latte
counting task and consequently the requiresince they generally differ in color. It is, how-
OS, adults exhibited a counting span equivalemver, possible to manipulate the difficulty of the
to that of 6-year-old children. This would sug-counting task by making the target objects les:
gest that the age-related span increase is duedasily identifiable. To do this, the authors com-
an improvement in the efficiency of the countpared one condition in which the target object:
ing operation, which demands a smaller prodiffered from the others in one characteristic
portion of TPS as the age of the subject insuch as color (single feature) and a condition ir
creases. This reduction in OS would mean thathich they were distinguished by a combination
more STSS is available. The lower the cognief characteristics (e.g., a combination of orien-
tive cost of the task to be performed, the greatéation features). In the experiment, the subject
the space available for storage, hence the im the first condition (termed “feature”) had to



WORKING MEMORY DEVELOPMENT 3

count blue squares which were mixed up witbounting arrays reflects not the amount of work:
orange triangles, whereas those in the secosgace that has to be devoted to count operatior
condition (termed “conjunction”) had to countbut the time period over which the totals may be
blue squares which were presented alongsiflergotten. Thus, they suggested that instead c
blue triangles. An initial experiment involvingactively combining storage and processing oper
12 adult participants revealed that the countirgtions, children may alternate between counting
time and the number of errors were higher in thruring display presentation and storing result:
conjunction condition. The authors interpretedt display offset.
this increased error level as being indicative of Towse, Hitch, and Hutton (1998) have tested
greater task difficulty. this task switching hypothesis in a series of ex-
In Experiment 2, children ages 6, 7, 8, and 1@eriments in which they used an adaptation of
were asked to perform the counting span task paradigm used by Cowan et al. (1992). For ex-
three experimental conditions: (a) the featurample, in the counting span task, children were
condition described above in which the numbepresented with sequences of cards to coun
of target objects varied between 3 and 7, (b) thehere the array numerosity of the first card was
conjunction condition with a number andsmall (and that of the last card large) or the nu-
arrangement of target objects which was identimerosity of the first card was large (and the last
cal to that used in the preceding condition, andard small). The numerosity of the intervening
(c) a so-called feature-slow condition identicatard remained unchanged. The authors argue
to the first condition except that the number ofhat in both condition (small-final and large-
objects to be counted was greater and varied b#nal), the overall processing demands of array
tween 6 and 10. The aim of this final conditioncounting should be identical since the same se
was to create a situation in which the countingf cards has to be processed and remembere
time was equivalent to that in the conjunctior(only the order of completion was changed).
condition as determined in a pretest usinglowever, the manipulation of the completion
7-year-old children. According to the authorsprder changes the time during which represen
Case’s cognitive space hypothesis predicts thtdtions are maintained in working memory. Be-
the counting span should be greater in the fe@ause only the product of the count has to be
ture condition than in the conjunction conditionretained, the duration of the first card had no
The memory decay hypothesis defended by theffect on the retention period, whereas the du:
authors predicts the same effect but goes on tation of the last card did because all the pre-
predict that performances will be equivalent irceding totals had to be retained. Thus, the
the conjunction and feature-slow conditions bearge-final condition involved a longer retention
cause the counting time, and consequently theeriod than the small-final condition. As pre-
retention period, is identical in both cases. Thdicted by the memory decay hypothesis, recall
authors argued that this second prediction is aerformances were poorer in the large-final
odds with the prediction derived from the cognithan in the small-final condition, providing evi-
tive space hypothesis (i.e., poorer performanatence that counting span relies heavily on re-
in the conjunction condition than in the featuretention period but not on cognitive demand.
slow condition since the counting operation iSThe same result was observed in reading or op
less costly in the latter condition). eration span tasks in which the length of the
In fact, the counting span was significantlsentence to be read or the operation to be pel
greater for the feature cards than for the cofermed were varied.
junction cards but there was no difference be- Although the authors have demonstrated re
tween the values observed for the conjunctianarkable ingenuity in designing their experi-
and feature-slow cards. Separate analyses ménts, these two sets of experiments do not pre
variance showed that this pattern was repeateide such strong evidence in favor of the
at all ages. The authors therefore concluded thraemory decay hypothesis as Towse and Hitcl
the ability of subjects to store count totals whilbave claimed. As far as Towse and Hitch’s
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(1995) experiments are concerned, the resutten of cognitive load because the “real” working
support the memory decay hypothesis only if weemory task (i.e., processing storage) begins
assume that the counting of a larger number ohly at the end of the first card. Thus, if itis more
elements (feature-slow condition) affects onlgemanding to count large than small arrays, the
the duration of the task without modifying itdarge-final condition involves a greater cognitive
cognitive cost. However, it is possible thatlemand than the small-final condition. The same
counting a larger number of items constitutes, atgument could be used for the reading span an
least for young children, a more difficult taskhe operation span used by Towse, Hitch, anc
both in terms of the verbal production of the seHutton (1998). It is quite possible that reading
ries of numbers (Dehaene & Mehler, 1992) anldnger sentences or performing longer opera:
in terms of the pointing activities which obligetions involve greater cognitive demand.
the individuals to distinguish between the ob- Thus, a more direct paradigm is needed in
jects which have already been and those whichder to test the memory decay hypothesis. One
remain to be counted (Beckwith & Restle, 196G0ssible approach is to compare the recall per
Potter & Levy, 1968). Indeed, since the seformance obtained in the traditional working
guence of numbers is learned gradually startimgemory tasks (processing storage) such as
with the lowest, it is possible that the greater thide counting span task and in situations in
number of objects there are to be counted, thehich children have to retain the same items in
greater the cognitive cost of the production ahemory with concurrent articulation (saying
each successive number (Fuson, 1988; Fuson‘@ababa”) for periods identical to the duration
Hall, 1983; Fuson, Richards, & Briars, 1982). Irof the task (Fig. 1). Indeed, counting involves
the same way, keeping track of a larger numbboth a cognitive demand and an articulatory
of already counted dots could result in greatsuppression effect. The former is due to the
memory load (Engle, Kane, & Tuholski, 1999)control and the coordination of the components
especially in children. Several developmentalf counting (saying and pointing), the latter is
studies have shown that both pointing andue to the saying of the number words. Accord-
counting performance are greatly affected biyg to the memory decay hypothesis, the cogni-
variations in the number of objects (Camogive load has no role in recall performances
Barrouillet, & Fayol, 2001; Camos, Fayol, &which depend only on the duration of the artic-
Barrouillet, 1999; Gelman & Meck, 1983; Pot-ulatory suppression involved in counting. As a
ter & Levy, 1986). As a consequence, it is posstonsequence, we chose to compare recall pel
ble that the counting of larger arrays results nédrmances impaired by counting with recall
only in longer times, but also in a higher cogniperformances hampered by a simple articula
tive load. In this latter case, Towse and Hitch'tory suppression.
results might be explicable in terms of Case’s This comparison makes it possible to disen:
cognitive space hypothesis. tangle the two competing hypotheses becaus
As far as Towse, Hitch, and Hutton’s (1998)he articulatory suppression does not involve
experiments are concerned, the same argumemty cognitive load (Baddeley, 1986). Baddeley
holds. Let us recall that the authors manipulated990) argued that the articulatory suppressiol
the order of completion of the cards and reaeffect on short-term memory performance doe:
soned that the overall cognitive demand wasot result from attentional demands but from the
equivalent in the large-final and small-final confact that articulatory suppression cuts out the
ditions because the same set of cards had to pmcess of subvocal rehearsal. For example
processed. However, as pointed out by the aBaddeley, Lewis, and Vallar (1984) demon-
thors, only the product of the count has to be restrated that nonarticulatory secondary task
tained and there is no memory load associatedhich are similar in level of demand as articula-
with counting the first card. As a consequenceory suppression (e.g., tapping) have no effec
the time duration of this card is irrelevant noton short-term memory performance. Vallar and
only to the retention period but also to the quesBaddeley (1984) described patient PV, who dic
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(a) Counting span task
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FIG. 1. Diagram of the design used to disentangle time and cognitive load effects in working memory tasks.
In the counting span task (a), the participant was presented with cards containing either dots to be counted or
letter to be remembered. The length of the different boxes (cards 1, 2, 3, and 4) indicates the duration of countin
for each card. In the baba span task (b), empty cards were used and the participant was asked to repeat “babal
during the same time he or she took to count dots on the corresponding card.

not appear to use the articulatory loop and wHerence might constitute an indicator of the cog-
was not impaired in memory performance byitive load involved in counting and problem
suppression. Furthermore, even if we supposelving. If, as suggested by Case (1985), the
that saying “baba” involves some cognitiveage-related increase in working memory span is
load, this load is lower than that in countingdue to an increase in processing efficiency anc
Camos, Barrouillet, and Fayol (2001) comparethe resulting reduction of the operating space
in children (6- and 9-year-old) and adults sayingccupied by the tasks, then the difference be:
repeatedly “baba” and counting dots. In eactween working memory span and baba spar
age group, the performance in saying “babahould be all the lower the older the children
was always far better than that in counting. Rere. Indeed, we assume that counting dots o
sponse times were faster in the saying task (38alving additive problems should involve a
ms at 6 years of age, 197 ms at 9 years of adpgher cognitive load than saying “baba.” Thus,
and 188 ms in adults to say each “ba” comparehle former processes should be more conduciv
to 515, 307, and 235 ms respectively to coumd a reduction in operating space than the latter
one dot) and the rates of errors were better (&n the other hand, an absence of difference be
errors in saying but 35, 14, and 11% errors itween working memory span and baba spar
counting). Thus, the experiments presented hemould argue in favor of the memory decay hy-
compared children’s counting span (countingothesis and against the cognitive space hypott
dots on cards and remembering letters to be msis.
called) and operation span (solving addition
problems and remembering letters to be re- EXPERIMENT 1
called) with a measure of span in which subjects The aim of this experiment was to verify that,
had to repeat “bababa” aloud instead of courds suggested by Towse and Hitch (1995, Towse
ing dots or solving addition problems. We calledflitch, & Hutton, 1998), counting span relies
this measure the “baba span.” only on the time duration of counting but not on
Provided that the duration of processin@ trade-off between processing and storage. In
(counting or problem solving, on the one handfjrst session, 8- and 11-year-old children were
saying “baba,” on the other) and the series aisked to perform a counting span task in whicl
letters to be remembered were held constatiiey had to count out loud dots on cards. Aftel
across tasks, poorer recall performance ieach card, they were presented with a letter to b
counting (or operation) span compared to babb@membered. The series of cards varied it
span would argue in favor of the cognitive spackength, from two- to six-card series (i.e., from
hypothesis and, additionally, the size of this diftwo to six letters to be remembered). At the enc
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of each series, the children had to recall the let- Method
ters in the correct order. Recalls as well aif'articipants

counting time for each card were recorded. A _ )
second session took place 3 weeks later, in Thirty-two children from each of the second

which the same children had to perform a bat{éan age= 7,10 years, range 7,5-8,4 years;
span task in which they were required to Sa{gpreafterSyears old) and fifth grades (Mean ag
“baba” instead of counting dots. To this end, 10,10 years, range 10,5-11,4 years; here-
they were presented with the same series of I&{€r 11 years old) of a primary school in Dijon
ters as used in the first session. However, thErance) were randomly assigned to either the
cards used in the first session were replaced g§Perimental or the control groups.

white cards in such a way that any given white )

card was presented for the same amount of tifYéterial and Procedure

that the child had taken to count the dots on theAll children took part in two sessions. The
corresponding card during the first sessiowhildren in the experimental groups performec
Thus, for each child in each series, the retentidghe counting span task first and the baba spa
period was exactly the same in both tasks whilegsk 3 weeks afterward, whereas the children i
however, the processing component was manighe control groups performed the baba span tas
ulated (either counting or saying “baba”). twice.

According to Case’s developmental theory, Counting span task he material consisted of
counting dots is far more demanding than sayt48 X 210-mm cards with varying numbers of
ing “baba” because the former activity is a di+ed target dotsyfrom 6 to 10) and green dots (
mensional stage achievement, whereas the lat-2) stuck on them. These cards were presente
ter requires only sensory-motor schemes. lane at a time in series of ascending length, fron
consequence, Case’s cognitive space hypothegigo 6 consecutively. After each dotted card, ¢
should predict higher spans in the “baba” spacard with a printed letter to be remembered wa
task than in the counting span task. In order tmserted. All the letters used were consonants
control for a possible learning effect betweermhese cards were presented for approximately
the first and the second sessions, control groups Each series ended with a card with the wort
performed the “baba” span task in both sesyecall.” The length of series took the form of 3
sions. In these groups, the duration of presentaets of cards: there were 3 series of 2 cards to |
tion of each white card was equal to the meaocounted (and 2 letters), followed by 3 series of
counting time for the corresponding carccards to be counted (and 3 letters), 3 series of
recorded in the experimental groups in the firstards, and so on. The cards were bound in
session. Thus, the cognitive space hypothedimoklet, the pages of which were turned by the
predicted a greater increase in span between teeperimenter. The children were instructed tc
two sessions in the experimental groups (counpoint at and count out loud the red dots on the
ing span first and then baba span) than in cowards, to read and remember the letters, and the
trol groups (baba span performed twice). Moreto recall them in the correct order on seeing the
over, this difference should be higher in thérecall” card. When a participant failed to recall
younger children because the difference in codhe letters on each set of a given length serie
nitive cost between counting and saying “babatorrectly, the series of higher length was not
should be higher in these children, since counpresented and the task was interrupted. Tw
ing becomes increasingly efficient with age. Iriraining series of two cards to be counted ant
contrast, since the retention periods are equal ane series of three cards preceded the expel
both tasks, the memory decay hypothesis doesental series.
not predict any difference, except for an age-re- The entire production of each participant was
lated increase in span due to faster countingcorded with a dictaphone in order to it subse
and thus shorter retention periods in older chilguently measure the time he or she took to cour
dren. each dotted card.
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Baba span tasKThis task was administeredF(1, 60)= 1.37,p = .25,MSe= .56. The chil-
using HyperCard software on a Macintosh contren who performed the counting span task eve
puter. The same series as in the counting spslightly outperformed the children who per-
task were used, except that the dotted carftymed the baba span task.
were replaced by white cards presented onThus, these results contradicted Case’s hy
screen and children were asked to say “babalbadthesis but were in line with the memory decay
as regularly as possible while these cards wengpothesis. Indeed, counting speed was highe
displayed (approximately two “ba’s” per secin 11-year-old children (346 ms per dot) than in
ond). For each participant in the experimentd&-year-old children (474 ms per ddg)1, 30)=
groups, the duration of presentation of eacB0.74,p < .001, resulting in shorter retention
white card was determined by the time he or slperiods. As Towse and Hitch (1995) observed
took to count the dots on the correspondinipere was a significant overall correlation be-
counting span card. For the control groups, thigzeen counting span and speed of counting
time was the mean time recorded in the experi-= — .35,p = .05, that turned out to be non-
mental group. For each group, the series of legignificant when the effect of age was partialec
ters were the same as those used in the counting,r = .05.
span task. However, it should be stressed that the mem

For both groups and tasks, the span was tloey decay hypothesis was only supported in the
maximume-length series at which all the recallpresent experiment by a null result: there was n
were correct (i.e., in each of the three serieg)ifference between baba span and countin
minus 0.33 for each shorter series which waspan. Thus, it is always possible that this ab
not correctly recalled and plus 0.33 for eaclsence of difference merely results from a lack o
longer series correctly recalled. For example, sensitivity of the paradigm we used, which is
child who correctly recalled all the 3-card seperhaps insensitive to any difference betweel
ries plus 2 series of 4 cards but failed in 1 seriesonditions. In order to rule out this hypothesis,
of 2 cards was credited with a span of 3.33 (i.ewe performed a control experiment in which 8-

3+2xX0.33-1X0.33). and 11-year-old children were presented with
the same letters at the same rate as in the contt
Results groups of Experiment 1, except that they did no:

A 2 (Age: 8 vs 11 years oldy 2 (Condition: have to perform any concurrent task. We hy-
experimental vs controlX 2 (Session: first vs pothesized that saying “baba” and counting dot:
second) ANOVA with Session as the withinaloud had the same detrimental effect in recal
subject factor was performed on the span. Onbecause both concurrent tasks block rehears
the age and the session effects were significastrategies. Thus, we predicted that performanc
Older children had a higher mean span (4.36) recall without concurrent task should be
than younger children (3.39(1, 60)= 35.74, higher than in both the “baba” and the counting
p < .001,MSe= .85, and the performance onconditions.
the second session (4.13) was better than that in
the first session (3.63(1, 60) = 38.89,p < CONTROL EXPERIMENT
.001,MSe= .20 (Table 1). Contrary to Case's Fourteen children from each of the seconc
cognitive space hypothesis prediction, there wgslean age= 8,0 years, range 7,6-8,10 years;
no interaction between condition and session lagreafter 8 years old) and the fifth grades (Mea
any age ff's < 1). When the first session wasage = 11,11 years, range 10,6-11,5 years;
considered separately, there was no significainéreafter 11 years old) participated as volun
difference between the mean counting span ieers in this control experiment. The material
the experimental groups (3.31 and 4.17 for &nd the procedure were the same as in the pre\
and 11-year-old children respectively) and theus “baba” span condition for the control
mean baba span in control groups (2.94 and 4.¢fbups, except that the children were not aske
for 8- and 11-year-old children respectively)to say “bababa.” They were only instructed to
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TABLE 1

Mean Spans (and Standard Deviations) Observed in Experiment 1 as a Function of Age,
Experimental Condition, and Session

Age
8 11
Session First Second First Second
Counting span Baba span Counting span Baba span
Experimental group 3.31 3.75 4.17 4.73
(.81) (.69) (.58) (.49)
Baba span Baba span Baba span Baba span
Control group 2.94 3.56 4.10 4.46
(.78) (.98) (.80) (.53)

look carefully at the screen, to try to remembegrevented the children from using a rehearsa
the successive letters that will appear on it, arsfrategy between each letter presented. Indee
recall them in the correct order when the worthost of the children who took part in the control
“Rappel” was displayed. The experimenter diéxperiment used such a rehearsal strategy, whi
not give any instruction about possible stratesering the letters they had already read. How
gies like rehearsal or chunking. The span waver, the detrimental effect on recall of saying
calculated in the same way as previously done'baba” on the one hand and counting dots on th
We compared the mean span in each of thether did not differ.
two age groups with the mean spans observed in )
the first session of both the experimental (counf!Scussion
ing span) and the control (baba span) groups of The results of these experiments clearly sup
Experiment 1. The children in this control ex-port Towse and Hitch’s memory decay hypothe-
periment clearly outperformed their peers whais. As predicted by this hypothesis, the experi
performed either the counting or the baba spamental groups which performed an easier tas
task in Experiment 1. The mean span in then the second (baba span) than in the firs
8-year-old children (4.31SD = 0.63) was sig- (counting span) session did not exhibit a greate
nificantly higher than both the mean countingncrease in span between the two sessions th:
span (3.31)F(1, 43)= 13.16,p <.001,MSe= the control groups which performed the babe
.56 (Dunnet’s test), and the mean baba spapan task twice. As far as the first session wa
(2.94),F(1, 43)= 24.93,p<.001,MSe= .56.In concerned, the participants in the control
the same way, the mean span in 11-year-old chiroups, who performed the baba span task, di
dren (5.29SD = 0.50) was significantly higher not outperform participants in the experimental
than both the counting span (4.1F(1, 43) = groups who performed the counting span task
22.45,p < .001,MSe= .42, and the baba spanThus, provided that the retention period is kep
(4.10),F(1, 43) = 25.03,p < .001,MSe= .42. constant across tasks, counting dots or just sa
The effect of age was significart{26) =4.52, ing “ba, ba, ba” results in identical levels of cor-
p <.001. A 2 (Age)X 3 (Conditions: counting, rect recall, at least in 8- and 11-year-old chil-
“baba,” and control) did not reveal any interacdren. This result suggests that the effect of th
tion between age and conditiorksg< 1. counting process in the counting span measut
Thus, saying “baba” or counting dots alouds very similar to a concurrent articulation effect
had a detrimental effect in recall performancéBaddeley, 1986). The requirement to count the
probably because these two concurrent taséiets aloud would block any rehearsal strateg
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which could preserve the memory traces of theeir results argued in favor of a task-switching
letters to be remembered. This fact was clearyfrategy: Children may alternate between count
demonstrated in the control experiment. Wheing during display presentation and storing the
the children did not have to pronounce “baba’®esults at display offset. The learning effect
or number words during the interletter intervalssould be due to an increasing ability from trial to
their recall performances were far better, resultrial, and from the first to the second session, tc
ing in a mean span increase of one unit. manage this switching strategy efficiently.

In contrast, these results argue strongly Only one fact was at odds with the memory
against Case’s cognitive space hypothesis. ldecay hypothesis: the absence of a correlatiol
deed, the age-related increase in span we obetween counting speed and counting span. In
served in this experiment can no longer be exdeed, if the span depends on the retention pe
plained by an increase in counting efficiency, agod of the letters, it might be supposed that the
a simple comparison between the two tasks waster the counting, the higher the span. How-
used makes clear. On the one hand, the countieger, when the age effect was partialed out, the
task requires at least the enunciation of the nuncerrelation was virtually nil. However, it is pos-
ber words, pointing to the objects, and the coossible that developmental and individual differ-
dination of these two processes. On the other, tlences are underpinned by different mecha
processing component of the “baba” span tagkisms, as Jenkins, Myerson, Hale, and Fry
simply requires subjects to pronounce “babaf1999); and Cowan, Wood, Wood, Keller, Nu-
which is an activity akin to one of the compo-gent, and Keller (1998) have recently sug-
nents of the previous task (i.e., saying numbegested. It is possible that the developmental in-
words). Thus, counting involves additional conerease in span is due to faster counting and
straints compared to saying “baba.” Even if onsubsequently, shorter retention periods, wherea
considers that the efficiency of each of these difndividual differences result from another, un-
ferent activities (i.e., pronunciation, pointing,determined, mechanism.
and coordination) increases with age, it remains Though the results of Experiment 1 argued
the fact that (a) the counting task should be moragainst Case’s cognitive space hypothesis, it i
demanding than just saying “baba”; and (b) thpossible that this hypothesis is correct but thal
increasing efficiency of each activity should rethe cognitive load involved in counting is not
sult in a larger reduction in the cognitive spacéigh enough to provoke the predicted difference
demand in the case of counting than in the cadetween baba span and counting span. Indee
of saying “baba.” Therefore, the counting spawounting could be such an automatized skill in 8-
should be lower than the “baba” span and thigear-old children that its cognitive load does not
difference should decrease with developmentequire larger operating space than sayinc
two phenomena which we did not observe. Thusbaba.” Towse and Hitch (1997) have shown that
as suggested by Towse and Hitch (1995), thihe coordination between saying and pointing in
age-related increase in counting span can ontpunting has no cognitive cost from the age of 7
result from faster counting in older children.  onward. Thus, the predicted difference betweer

Moreover, the strong learning effect observetlaba span and counting span should be mor
between the two sessions is in line with Towsékely to occur in younger children than in those
and Hitch's proposals. Of course, this effectve tested in Experiment 1 because the younge
could be due to the retrieval from long-termthe children, the less automatized the counting
memory of the series of letters previoushskill. To this end, Experiment 2 compared count-
learned in the first session. However, the delay afig span and baba span in 6-year-old children.

3 weeks between the two sessions weakens this

hypothesis. Towse, Hitch, and Hutton (1998) EXPERIMENT 2

suggested that instead of a resource-sharingThis experiment compared the counting anc
process between the two components of workindpe baba span in 6-year-old children. Providec
memory tasks (i.e., processing and storagdhat there was no difference between the group
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in the first session of Experiment 1, we adoptel35 in the baba span groufd = .70, range
a between-subject design in which one groupom 0 to 2.67). This difference was not signifi-
was asked to perform a counting span task andnt,t(31) = 0.92p =.36. Thus, as we observed
the other a baba span task. This design resuliedExperiment 1, there was no difference be-
in a shorter experimental session which seemagleen the baba span and the counting spar
more appropriate for these young children. Theven in very young children. However, the par-
mean retention period was held constant acrassipants in the baba span group slightly outper-
the two groups by means of the same methodfasmed those in the counting span group. A
in Experiment 1 for the experimental and corpower analysis revealedchof .321, which cor-
trol groups in the first session. Case’s cognitivesponds to a small effect (Cohen, 1988), and «
space hypothesis predicts higher baba span tttaof .923, indicating that the test did not have
counting span, whereas the memory decay hsufficient power to detect a possible difference.
pothesis predicts equal spans in the two tasksGiven ana level of .05, a large pool of partici-
pants would be necessary to obtain a power tes
Method of .80 (152 participants per group; Howell,
Participants Thirty-three kindergarten chil- 1997). Thus, even if we cannot assume tha
dren were randomly assigned either to thibere is no difference between the two spar
counting span groum(= 17, Mean age= 5,9 measures, the difference is probably too smal
years,SD = 4.4 months) or to the baba spamo be interpreted as confirming the cognitive
group 6 =16, Mean age: = 5,8 yeatSD= 4.2 space hypothesis which predicted a large differ-
months). Before the experiment, the experence between the baba span and the countin
menter verified that each child was able to reagban.
the letters used in this experiment. The mean counting time per dot in the count:
Material and procedure The material and ing span group (536 ms) was higher than tha
procedure used for both the counting span anotserved in 8-year-old (474 ms) and 11-year
the baba span tasks were the same as in Expet# children (346 ms) in Experiment 1 and was
ment 1, except that (a) the letters to be rememery close to Case, Kurland, and Goldberg’s
bered were presented before instead of after t#982) results with a similar age group (545
cards in order to control that young children amns). As in Experiment 1, the correlation be-
able to maintain at least one item while countinggveen the time needed to count the cards and tt
a card; (b) the six-card series was dropped andunting span did not reach significangép) =
three series of one card only (and therefore or®®l, p = .23, but this lack of significance could
letter to be remembered) were added becaussult from the small size of the group.
we thought that some young children would .
possibly fail to recall a series of two cardsD!ScUssion
whereas a counting span of 6 was very unlikely Once more, the results of this experiment sup-
in 6-year-old children; and (c) the experimentguorted Towse and Hitch’'s memory decay hy-
read out loud each presented letter at the sapmthesis and contradicted Case’s cognitive spac
time as the participant did. For the baba spdnypothesis. Indeed, according to Case’s theon
task, the duration of presentation of each whitaf cognitive development, counting should be a
card was the mean time to count the dots in tihéghly demanding task for 6-year-old children
corresponding card recorded in the countinigecause they are only at the beginning of the di
span group. For both tasks, the span was caleuensional stage, a developmental stage at whic
lated in the same way as in Experiment 1 (possieunting span is thought to be a reliable measur:
ble span range from 0 to 5). of operational efficiency. Thus, especially at the
beginning of the dimensional stage in Case’s
theory, the counting span should be far lower
The mean span was 1.14 in the counting spahan the baba span because counting should k
group 6D = 0.65, range from 0 to 2.33) andfar more demanding than saying “baba.”

Results
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Moreover, it should be noted that as far as tleiggested, the counting speed increases wil
counting span task is concerned, our partickge (536, 474, and 346 ms per dot for 6-, 8-, an
pants conformed to the predictions issuing frorhl-year-old children respectively), resulting in
Case’s developmental theory. Case (1985) usskorter retention periods and thus in better re
a counting span task in which participants had talls.
remember the results of their successive countsAs far as the counting span task is concernec
instead of letters presented before counting eaiths clear that, following Towse’s work, our re-
card. Thus, in Case’s design, children have justilts strongly support the memory decay hy-
finished to count the last card when they have pwthesis. However, it should be stressed that thi
recall the series, a fact that should facilitate reonclusion concerns only the counting spar
call. We can thus suppose that Case’s desigreasure and the use Case made of its evolultic
should result in a higher span (approximately afith age in order to understand cognitive devel-
one unit, i.e., the last card counted) than the oopment. Now, are these results, and more gene
we used. As a consequence, the performanceatlfy Towse and Hitch's observations (Towse &
our sample of participants was very similaHitch, 1995; Towse, Hitch, & Hutton, 1998),
(mean span: 1.14) to what the theory predictifficient to definitively rule out the general
(i.e., a span of 2 with Case’s design; Case, 198&)gnitive resources hypothesis in accounting fo
and what is usually observed in 6-year-old chilworking memory spans increase and cognitive
dren (2.5 in Case, 1985; 1.65 in Case, Kurlandevelopment? There are at least two argumen
& Goldberg, 1982). Thus, our results could nathat point to a negative answer.
be due to a peculiarity of the children who par- First, both our and Towse and Hitch’s (1995)
ticipated in the experiment. results would provide evidence against the re-

Consequently, the results of Experiments 4ources hypothesis only if we assume thal
and 2 suggest that the increase in counting spesunting is a demanding task. Though a com-
observed during childhood cannot be due to gonential analysis of this ability (i.e., saying
increase in operational efficiency that woulshumber wordst pointing + coordinating these
free an increasing amount of cognitive space fowo activities) would suggest that counting re-
storage. As we stressed in the introductiomuires considerable cognitive resources, espe
counting is thought to involve more complexially in order to coordinate pointing and say-
processes than saying “baba.” Thus, countirigg, it could be argued that counting is an early
should require a larger cognitive space than saggtomatized activity, even in young children. It
ing “baba,” especially in young children, andshould be remembered that counting is one o
any increase in operational efficiency should ke first and most extensively practiced arith-
more effective in connection with counting thametic skills which provides a foundation for
with saying “baba.” In consequence, the babirther arithmetic achievements. Various studies
span should be higher than the counting spanhave failed to demonstrate that the coordinatior
young children, and we should observe a mo saying and pointing involves a cognitive
pronounced increase for counting span than foost, even in young children (Camos, 1998;
baba span with age. The results contradict€2hmos, Barrouillet, & Fayol, 2001; Camos,
these two predictions. Fayol, & Barrouillet, 1999; Miller & Stigler,

The competing memory decay hypothesi$987; Towse & Hitch, 1997). Thus, it could be
seems far more plausible. In each of the threegued that there is no difference between the
age groups (i.e., 6-, 8-, and 11-year-old chibaba span and the counting span because cour
dren), there was no clear difference between tivgg is not demanding enough to impede storage
baba span and the counting span when the retand recall any more than saying “baba” does.
tion period was held constant across tasks. ThisSecond, contrary to a general tendency in al
fact suggests that the retention period is tldomains of cognitive psychology to contrast
main factor that constrains performance in thvo alternative hypothesis, the resource hypoth
counting span task. As Towse and Hitch (199%5sis is absolutely not incompatible with a mem:-
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ory decay hypothesis. For example, Cowademanding than saying “baba.” An additional
(1995, 1999) proposed that working memorjypothesis which derives from the limited re-
functioning is constrained in two ways: by thesource hypothesis would be that the difference
limited number of items of knowledge that catetween the two spans should be all the mor
be maintained in the focus of attention (due to@onounced the younger the children are. In
kind of resource limitation), but also by the temdeed, as suggested by several development
poral decrease of activation suffered by théheories, both the capacity of the pool of cogni-
items of knowledge as soon as they leave thise resources (Halford, 1993, Pascual Leone
focus, which is a memory decay phenomenot970) and the level of automatization of arith-
Thus, the results of Towse, Hitch, and Huttometic computations (Siegler, 1996) should in-
(1998), who manipulated the retention periodrease with age. Thus, provided that the retenr
and held the cognitive cost of the task constariipn period is kept constant between the
clearly argue in favor of a memory decay phesperation span task and the baba span task, t
nomenon but do not exclude a limited resourceslditional cognitive cost involved in performing
hypothesis. calculations should be all the less damaging th
In order to evaluate the resources hypothesider the children are.
more precisely, a working memory task involv-
ing highly demanding processing is needed. An EXPERIMENT 3
operation span task (Turner & Engle, 1989) that
requires subjects to perform arithmetic operd/€thod
tions while remembering letters for recall seems Participants Forty-eight children in each of
appropriate for this purpose. Indeed, studies the third M = 8,8 yearsSD= 5.6 months, here-
cognitive arithmetic have shown that even foafter 9-year-old children) and fifthM =10,7
the simplest additions (i.e., both operands froyears,SD = 4.6 months, hereafter, 11-year-old
1 to 9), young children use algorithmic stratechildren) grades of primary school were ran-
gies. Though these simple additions become adpmly assigned to the baba span and the oper:
tomatized and are solved through direct retrievbn span groups.
of the answer from memory (about 9 years of Material and procedureBoth tasks were pre-
age), additions involving large numbers wouldented on a screen. As far as the operation spe
still require computational strategies. Thestsk was concerned, participants were presente
strategies are thought to be highly demandingith series of ascending length (from one to six
because they involve the control of complex abperations) in which each operation was pre-
gorithms (e.g., solving 9- 7, doing 10+ 7-1) ceded by a consonant to be remembered. Thel
and they require individuals to perform accurateere 3 series of each length. The operation:
memory retrievals (e.g., solving 14 8 doing were 54 three-operand additions (e.g+47 +
10 + 4 + 8 may require the retrieval from mem-8) and 9 two-operand additions (e.g.,%9 8).
ory of the answer to & 4) and to keep track of Half of these problems had a correct answel
many intermediate results. (e.g9., 4+ 7 + 8 = 19), and the other half had
In Experiment 3, we compared the operatioan incorrect answer (correct answerl). These
span and the baba span in 9- and 11-year-gdtbblems were selected from a pool of about 9C
children while keeping the duration of the taskadditive problems administered to 20 third-
constant, as we did in the earlier experiments. dfaders in a pretest in which participants were
working memory measures are only a matter esked to write down the answer. The selectec
retention period, there should be no differengeroblems elicited a correct response higher of
between the two span measures. On the otlwer 80% and did not take longer than 14 s to be
hand, if working memory span measures depesdlved. The 63 problems were randomly as-
on some kind of resource limitation, then thsigned to the 18 series.
baba span should be higher than the operationAll the series had the same structure. First,
span, assuming that solving additions is mothe participants were asked to focus for 500
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ms on a signal (an asterisk) centered on thacorrect than a correct response. In conse
screen that was replaced, for a period of 1 gjuence, performances in recall were taken intc
by a letter which they were asked to rememaccount whatever the responses given in the
ber. When the letter disappeared, a probleevaluation task (Table 2).
was displayed on screen. The participants had A 2 (age: 9- vs 11-year ol 2 (task: opera-
to evaluate the answer and give their responsien vs baba span task) ANOVA was performec
(true or false) by pressing one of two keys laen the spans. The oldest children exhibited :
beled on the computer keyboard. Reactiohigher mean span (3.04) than the younge
times and type of response were recorded. A§.91),F(1, 92)= 33.78,p <.001,MSe= 0.91.
soon as the participant pressed a key, the probktore importantly, and contrary to what we ob-
lem was replaced by the signal and a new triaerved in the previous experiments, there was
began. At the end of the series, the word “rapmain effect of tasks: the mean baba span (2.7¢
pel” (“recall”) was displayed on screen and thevas higher than the mean operation span (2.19
participants were asked to recall the letters iR(1, 92)= 8.33,p <.005,MSe= 0.91. Though
the correct order. this difference was higher in 9-year-old children
As far as the baba span task was concerng®.,26 and 1.56 for the baba and operation spar
the sequence of events was the same except tleaspectivelyF (1, 46) = 8.93,p < .005,MSe=
the problems to be verified were replaced b§.68], than in 11-year-old children [3.25 and
empty screens during the presentation of which83,F(1, 46)= 1.82,p = .18,MSe= 1.15], the
the children were asked to say “ba, ba, ba” age X task interaction did not reach signifi-
regularly as possible (approximately two “ba’'stancef(1, 92)< 1.
per second). The duration of presentation of Though the difference between the operatior
each empty screen was the mean time recordmald the baba span was clear, it was possibl
in the operation span group for verification ofhat part of this difference was due to a weak-
the corresponding problem. Both operation sparess in the paradigm we used. Indeed, all the
and baba span were calculated in the same waarticipants in the baba span group saw the let
as in Experiment 2. ters to be remembered at the same pace becau
the time duration of the empty screens was the
same for all the participants (i.e., the mean
As far as the operation span groups werduration time for solving the corresponding
concerned, the problem evaluation task elicitedperation in the operation span group). How-
a high rate of correct responses (93.5 anever, the retention period in the operation spar
92.5% in 9- and 11-year-old respectively). Thgroup varied from one participant to another
mean solution time per problem was 12705 mgecause these periods depended on the tim
(SD = 3502 ms) in 9-year-old children andrequired to solve the arithmetic operations).
8497 ms 6D = 3174 ms) in 11-year-old chil- Thus, the difference between the two groups
dren. Both these mean rates and solution timesuld be due, for example, to certain partici-
corresponded to what was observed in the
pretest, suggesting that the children paid suffi-
cient attention to the problem solving compo-
nent of the operation span task. Moreover, the Mean Spans (and Standard Deviations) Observed in

Results

TABLE 2

evaluation of the operations took no longer Experiment 3 as a Function of Age and Task

whether this evaluation turned out to be correct Tasks

or incorrect (12179 and 14352 ms respectively

in 9-year-old children; 8110 and 8930 ms in A% Operation span Baba span

11-year-old childrenF's (1, 23) < 1). Thus 9 1.56 2.26

there is no reason to suppose that errors in the (0.80) (0.84)

evaluation of problems facilitated ensuing re- 11 2.83 3.25
(1.30) (0.78)

call because it took slightly longer to give an
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pants who solved the problems very slowly anéven more clearly when the retention period wa:
had to deal with long retention periods thatarefully equated between the two experimenta
might result in poor recall performance. Inconditions.
order to control for this possible flaw, a further Onthe other hand, these results are in line witf
analysis was conducted in which the particithe limited resource hypothesis. Indeed, itis very
pants in the operation span groups who exhilunlikely that children could solve three-operand
ited either excessively short or excessively longdditions, the main type of operation used, by &
mean solution times were discarded. Only thetrategy of direct and automatic retrieval of the
participants whose mean solution time waanswer from memory. Developmental researct
close to the mean of the group=(0.67 SD) in additive problem solving suggests that this
were retainedr{ = 12 in each age group). kind of strategy is available in childhood, and
This procedure led to the same results and coaven in adulthood, for simple two-operand addi-
clusions. The mean operation span remained utiens only (operands from 1 to 9; Siegler, 1996).
changed in the 9-year-old group (1.58D = The other problems require algorithmic strate-
0.86) and evenfellin the 11-year-old group (2.6 gjies, the use of which is demanding (Barrouillet
instead of 2.835D= 1.25). AnANOVA withthe & Fayol, 1998). The solution times recorded in
same design as the previous analysis was cdoeth age groups (about 10 s) testified to the us
ducted and took into account the overall babaf algorithmic strategies by our participants.
span groupsn = 24 per group) but only the re- These strategies require step-by-step compute
duced operation span groups= 12). The main tions, storage, and retrieval of intermediate re-
effect of task was still significarf(1, 68)=8.91, sults, i.e., processes thought to involve a cogni
p <.005,MSe= 0.82. Separate analysis on eackive cost (Anderson, Reder, & Lebiere, 1996).
age group confirmedthatthe baba span (2.26) wabus, the difference between the baba span an
significantly higher than the operation spaithe operation span could be accounted for by the
(1.56) in 9-year-old childrer;(1,34)=5.61,p< cognitive load involved in solving arithmetic
.05, MSe= 0.71. This difference just failed to problems by algorithmic strategies.
reach significance in 11-year-old children (3.25 Though these results support the limited re-
and 2.61 for the baba span and the operation spsource hypothesis, they do not definitely rule
respectively)F(1, 34)= 3.57,p = .07,MSe= out the potential impact of a memory decay
0.92. Thus, when the two task groups were morghenomenon in accounting for the difficulty of
carefully equated on the retention period, the diffomplex span tasks (i.e., processing storage) fc
ference between the two spans appeared evahleast two reasons. First, although the differ-
more strongly. ence between the two spans was significant, th
Finally, there was no clear correlation in thesize of the effect could be considered moderats
operation span groups between the mean sol{2.75 vs 2.19). Indeed, it should be rememberec
tion time per operation (i.e., the mean retentiothat we contrasted a task presumed to induce
period) and the operation span:= —.06 and high cognitive load (arithmetic problem solv-
—.26 for 9- and 11-year-old children respectivelying) with a simple concurrent articulation
thought to be load-free. Such a supposedly dra
matic difference between the cognitive loads in-
According to a strong version of the memoryolved in the two tasks resulted in a rather
decay hypothesis, the span would depend ordynall decrease in span (about 20%). In fact, thi:
on the retention period, whatever the competindecrease reached significance only in 9-year
task to be performed. The results of this expemld children but not in 11-year-old children, al-
ment clearly argue against this view. Indeedhough it cannot be supposed that the lattel
participants in the operation span groups exhiBelved the problems by an automatic and direc
ited poorer recall performances than those in thetrieval from memory (mean solution time
baba span groups even though the retention @dout 8.5 s). Second, the fact that an additiona
riod was held constant. This difference appearedgnitive load hampers recall does not mean ir

Discussion
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any way that the memory traces of the letters dGase’s theory of cognitive development predicts
not suffer from a temporal decay. The results ofa) lower performances in counting span than ir
this experiment simply suggest that we canndtaba span tasks and (b) an age-related increa
jettison any notion of cognitive load or resourcen span which should be more pronounced fol
in accounting for performances in workingthe counting span than for the baba span. Non
memory tasks. of these predictions was verified.
As far as the counting span task is concerned
GENERAL DISCUSSION the memory decay hypothesis is far more con-
Let us recall that this series of experimentgncing. As Towse and Hitch (1995) suggested,
was inspired by Towse and Hitch's (1995the memory traces of the items to be remembere
Towse, Hitch, & Hutton, 1998) proposal confade as the counting process goes on becaus
cerning the increase in counting span with agepunting aloud prevents any rehearsal strateg
namely by a developmental concern. Is workinthat could refresh these traces in the phonologi
memory span increase due to a trade-off bealloop (Baddeley, 1986). Any task that involves
tween processing and storage, as Case (19&bliculation should have the same effect, as we
has suggested, or to an increase in countiofserved with the baba span task. Thus, the
speed which prevents a memory decay phenogounting span is only a matter of time. The older
enon (Towse & Hitch, 1995)? The results of Exthe children are, the faster their counting and
periments 1 and 2 clearly contradict Case’s hgonsequently the better their recall. Towse,
pothesis and argue in favor of Towse and HitchKitch, and Hutton (1998) suggested that insteac
memory decay hypothesis. In fact, we failed tof actively combining processing and storage,
find any clear difference between counting sparhildren may alternate between counting during
and baba span, even in younger children (fsplay presentation and storing results at displa)
years of age). offset. Thus, developmental increase in working
This fact rules out Case’s cognitive space hynemory span could result from shorter retention
pothesis. Indeed, this hypothesis assumes (@riods and developmental differences in the
that the Total Processing Space remains comay children manage the switching strategy.
stant across development and (b) that the devel-However, the results of Experiment 3 indicate
opmental increase in counting span is due totlat the switching strategy hypothesis put for-
decrease in the operating space required to pesard by Towse et al. (1998) is an oversimplifi-
form the counting task, which therefore releasestion. Indeed, if this switching occurred be-
increasing amounts of memory for the storag@een processing and storage in a simple
of items in the short-term storage space. Thusianner, that is at the display offset, then ther
this model postulates that younger children hawveould be no difference between operation spa
low working memory spans because the courdnd baba span because the interletter duratiot
ing task is highly demanding for them. Even ifvere held constant between the two tasks. How
we suppose that saying “ba ba” involves somever, and contrary to what we observed whel
cognitive cost, Case’s (1985, 1992) integrativeomparing counting span and baba span, thel
approach to cognitive development (conceivedas a difference between operation span an
of as a process of coordinating cognitive operdaba span. Thus, though a simple short-terr
tions) predicts that counting should be more deaemory model coupled with a memory decay
manding than saying “baba,” especially irhypothesis is appealing, it is not sufficient to
young children, because counting involves thiellly account for developmental increases in
coordination of pointing at objects and sayingvorking memory span.
number words. For the same reason, the in-Obviously, a more sophisticated model is
crease in operational efficiency that would aaeeded because it seems that two kinds of limita
count for the increase in working memory spations have to be taken into account in working
should be more pronounced for the countingnemory functioning. The first is a limitation in
task than for saying baba. As a consequendbe time a given piece of knowledge can be kepit
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active in working memory, as Towse, Hitch, andare not reactivated by a verbal rehearsal (Baddt
Hutton (1998) have demonstrated. The secorey, 1986). Considering that concurrent articula-
limitation could result from a limited pool of re- tion (saying “baba” repeatedly or counting
sources, whatever we mean by “resources” (caloud) prevents rehearsal (Baddeley, 1999) an
pacity for activation, for controlled attention,that counting dots or solving operations took
etc.), as suggested by the difference between dpnger than 2 s in our experiments, we must sug
eration span and baba span even when time paose that the items to be remembered are n
rameters are held constant. In fact, many mode$$ored in the phonological loop. Thus, the fact
of working memory permit this distinction be-that the counting span and the baba span are t
tween time and resource limitations such as theame cannot be accounted for by the multicom
seminal model of Baddeley (1986; Baddeley &onent architecture of Baddeley’s model. Of
Logie, 1999) and more recent approaches putfotourse, as stressed by Baddeley and Logi
ward by Cowan (1995), Engle (Engle & Oransky(1999), the letters we presented could activat:
1999; Engle, Kane, & Tuholski, 1999), and alsd.TM representations that could be retrieved for
the ACT-R model (Anderson, 1993, Anderson &ecall. However, such encoding and retrieval
Lebiere, 1998; Lovett, Reder, & Lebiere, 1999). processes would be supported by the central e
According to Baddeley and Logie (1999)gcutive (Baddeley & Logie, 1999). Thus, the
working memory comprises multiple specialsame working memory component would sup-
ized components (a central executive and twmort both processing and storage and we coul
systems for temporary storage, the phonologicab longer take advantage of the multicomponen
loop and the visuospatial sketchpad), each hasharacteristic of the model.
ing constraints commensurate with the special The models of working memory that suppose
function it provides. The authors state that thilat short-term memory is the part of long-term
cognitive demands in working memory tasksnemory activated above threshold (Anderson
(i.e., processing and storage) could be support&893; Anderson & Lebiere, 1998; Anderson,
by different components of working memoryReder, & Lebiere, 1996; Cantor & Engle, 1993;
(i.e., the central executive and the phonologic&lowan, 1995, 1999; Engle, Kane, & Tuholski,
loop respectively). Baddeley and Logie (1999)999; Engle & Oransky, 1999; Lovett, Reder, &
reported an experiment by Logie and Duftebiere, 1999) seem more appropriate to ac
(1996), who demonstrated that even a demancbunt for both time and resource limitations in
ing storage had virtually no impact on the cawvorking memory. Indeed, these models assum
pacity for arithmetic verification and that a dethat (a) both the activation and retention of items
manding verification task had little effect orof knowledge which are readily available for
word span, suggesting that processing and stprocessing are mediated by some kind of con
age do not compete for a single resource but drelled attention of limited availability; and (b)
supported by separate components. These tieat the loss of memory traces is a matter o
sults echo our observation that counting spdaime, being due either to decay of activation or
and baba span were equal and that the partit-interference. The items present in the focus ¢
pants who performed a baba span task ordytention receive activation, but this activation
slightly outperformed those who performed adecays as soon as they leave the focus. Thu
operation span task. We might therefore imagirmmplex span tasks, that require processing plt
that in these tasks the letters are stored in te®rage, are more difficult than simple STM
phonological loop, the maintenance of whiclspan tasks because, in the former, attention i
suffers only from a temporal decay, whereas tltistracted from the items to be remembered b
processing component of the tasks is supportdte concurrent task. Because the size of the a
by the central executive. tentional focus (Cowan, 1995; Engle, Kane, &
However, this explanation is not as clear as Tfuholski, 1999) or the total amount of attention
seems. Indeed, items in the phonological sto(Anderson, 1993) are limited, only a small num-
are thought to fade rapidly (about 2 s) when thdyer of items receive increased activation fron
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attention and any distraction from the items tage or in a better switching between the twc
be remembered leads to their decay. Furtheremponents of the working memory tasks. Ac-
more, the reactivation of those traces that aoerdingly, Cowan, Nugent, Elliot, Ponomareyv,
fading would not necessitate a covert rehearsahd Saults (1999) have demonstrated that th
process: an item retrieved by a simple mentabpacity limit increases with age during child-
search could briefly enter the focus of attentiomood. In Towse and Hitch’s (1995) experiments
and become reactivated (Cowan, 1992; Cowatle mean counting time per card in 6- and 8
Keller et al., 1994). According to this generayear-old children was approximately the same
framework, “working memory capacity reflectgabout 4 s) but the former exhibited a lower
the ability to apply activation to memory reprecounting span (2.8) than the latter (3.7). Thus
sentations, to either bring them into the focus @ven when the time duration of processing is
maintain them in focus, particularly in the facédentical, older children achieve higher working
of interference or distraction” (Engle, Kane, &memory spans than younger ones, thus sugge:
Tuholski, 1999, p. 104). ing that they have more resources to deal witl
How could this kind of model account for athe complex span tasks.
developmental trend and the pattern of perform- The attentional hypothesis could also accoun
ance we observed across tasks? As far as devet- the pattern of results we observed acros:
opment is concerned, both an increase in attemerking memory tasks. Case (1985) assumet
tional capacity and a decrease in the speedtbht counting span is lower in younger than in
decay could account for the developmental islder children because counting is a demanding
crease in working memory span. Obviously, ifask for young children. Towse and Hitch
speed of decay is higher for younger than f¢i995) challenged this hypothesis by suggesting
older children, as suggested by Keller anthat counting span is only a matter of time and
Cowan’s (1994) results, older children shouldhowed that counting span does not depend o
have higher spans than younger ones. On ttiee cognitive load involved in counting. How-
other hand, a developmental increase in thever, there is ample evidence that counting is
amount of attention available could result itighly automatized skill, even in young children
faster processing (e.g., counting or problerfTowse & Hitch, 1996, 1997). Thus, it is possi-
solving) and thus in shorter retention perioddle that counting does not require more atten-
with more recall items being retrieved befor¢ional resources than saying repeatedly “baba’
they are irretrievably lost. This hypothesis i®r that the rhythmic nature of both tasks allows
akin to those advanced by Towse and Hitgbarticipants to switch their attention from pro-
(1995) or Case (1985) because it is based on@ssing to storage during the task. However, be
explanation in terms of processing efficiencycause both types of processing prevent subject
However, if working memory span dependedrom continuously maintaining the letters in the
only on the duration of processing, we shoulfbcus of attention, their memory traces suffer
observe a correlation between the time need&dm a decay which is all the more pronounced
to complete the task and the resulting span. the longer the duration of processing is. As a
fact, like Towse and Hitch (1995), we failed taconsequence, the baba span and the countir
find such a correlation, and Engle (Engle, Carspan resulted in the same mean spans, and,
tor, & Carullo, 1992; Conway & Engle, 1996)Towse and Hitch (1995; Towse, Hitch, & Hut-
demonstrated that the correlation betwedon, 1998) demonstrated, counting span de
working memory span and high-order cognitiv@ends on the time needed to count the arrays ©
tasks does not depend on the processing eflits.
ciency in the processing component of the By contrast, the solution of three-operand ad
working memory tasks. ditive problems cannot be considered to be al
A more plausible account would be that an irautomatized skill in children because it involves
crease in attentional capacities results in betterany retrievals from memory at the same time
resource sharing between processing and stas the calculation and maintenance of the inter
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mediate results. We assume that these proces8agleley, A. D. (1990)Human memory: Theory and prac-
need attentional resources and sustained focugaéz‘z HXVGD’ %ggzgscggng{sp;ﬁjhan memoove
ing that have a_far more dlsru_ptlve e_ffect on the UK:ylssychoIogy Press. '
concurrent maintenance of items in memory,qgeley, A. D., Lewis, V. J., & Vallar, G. (1984). Exploring
than saying “baba,” even if both processes pre- the articulatory loopQuarterly Journal of Experimen-
vent any rehearsal strategy. The fact that solving tal Psychology36, 233-252.

problems instead of saying “baba” did not resuﬁad%‘?'?y%ﬁé Er)ﬁ'uli 'l-é’gcfr;qR(;n';ht(lzgzﬁlV\l’ﬁ”inngi“ZTé
in any dramatic qlecreas_e In span suggests t_hat &)I;. Shah (Edsp.)Modelrs) of Working Memory: Mich-
the decay of activation is rather slow even in  anisms of Active Maintenance and Executive Con-
young children (Cowan, 1984, 1999, suggests trol (pp. 28-61). Cambridge, UK: Cambridge Univ.
time estimates about 10 to 30 s in adults) or that Press.

children can switch attention from the operaE-”f"”O“it',IeL tP-' g‘_ Fai’o"t’\,"- (1|99EB)_-dFr°m fa'g"”thmiE Com‘d
. uting 1o direct retrieval: evidence rom number an
tions to the letters to be rem?mbered’_ for exam- glphe?betic arithmetic in children and aduliEemory &
ple, when they reach some intermediate result. cqgnition 26,355-368.

If this hypothesis is correct, a task that would resarrouillet, P., & Lecas, J. F. (1999). Mental models in con-
quire continuous attentional focusing on algo- ditional reasoning and working memorhinking and

rithmic computation should have a highly detri- Reasonings, 289-302. _
mental effect on span Beckwith, M., & Restle, F. (1966). Process of enumeration.

. . Psychological Review3,437-444.
Despite the fact that counting span seems &mos, V. (1998)La gestion d'une activité complexe: L'ex-
be only a matter of time, whereas the operation emple du dénombremeiMonitoring a complex activ-

span task seems to require resource sharing, it ity: The case of counting]. Unpublished doctoral dis-

should be remembered that counting span re- Ser‘S‘iOé‘v U”i‘_’l‘lerfif dgFBO“rlgoMg”(esz%ii()’”b 0
. . - . Camos, V., Barrouillet, P., & Fayol, M. . Does the co-
mains highly predictive of performance in ordination of verbal and motor information explain the

higher-order cognitive activities (Barrouillet & development of counting in children®ournal of Ex-
Lecas, 1999; Engle, Tuholski, Laughlin, & Con-  perimental Child Psychology¥8, 240-262.

way, 1999), as does the operation span (Turneamos, V., Fayol, M., & Barrouillet, P. (1999). Counting in
& Engle, 1989). These facts suggest, as stressed gng?;e?:ugggtggstaei‘; or proceduré’Année Psy-
b.y Engle, Kane, and TUhOISI.(I (1999), that IndlE:antor, J?, q& En’gle, R. W. (1993). Working-memory
vidual and developmental differences in work-  capacity as long-term memory activation: An individ-
ing memory measures reflect differences in ual-differences approachJournal of Experimental
some fundamental capability involved in higher-  Psychology: Learning, Memory, and CognitjoB,
order cognitive processes and that both counting 1101-1114.

. e, R. (1985)Intellectual development: Birth to adult-
span and operation span, and maybe baba sp%?‘?,hoo 4 New York: Academic Press.

provide_ appropriate measures O_f this capabilittase, R. (1992)The mind's staircase: Exploring the con-
Thus, time and resource constraints would result ceptual underpinnings of children’s thought and
from the same general limitation, probably a knowledgeHillsdale, NJ: Erlbaum. '

limited capacity for controlled attention, even ifcase. R., Kurland, M., & Goldberg, J. (1982). Operational

. . _ efficiency and the growth of short-term memadgur-
they reflect different aspects of working mem nal of Experimental Child Psycholog$3, 386—-404.

ory functioning. Cohen, J. (1988)Statistical power analysis for the behav-
ioral sciencesNew York: Academic Press.
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