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Working Memory and Serial Order: Evidence Against Numerical Order
Codes but for Item—Position Associations
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The processing of ordinally organized information is a characteristic of both serial-order working
memory and numerical cognition. Serial positions of items presented within a list follow an ordinal
organization when stored in working memory, whereas numbers are based on an ordinal structure stored
in long-term memory. We tested the hypothesis that long-term numerical ordinal representations support
the coding of temporary serial position information in working memory. In Experiment 1, learned
word—-number associations appeared to have a negative instead of a positive impact on immediate serial
recall performance relative to control conditions. Experiments 2 showed that this effect was due to a
stronger opportunity for learning associations of words to serial positions in the control lists as compared
to the experimental lists. Experiment 3 showed that when controlling for these positional learning effects,
there was no reliable effect of learned word—number associations on immediate serial recall performance.
This study indicates that numerical codes do not play a major role in coding serial position information
in working tasks. At the same time, the robust item—position learning effects demonstrate a contribution
of long-term item—position associations to immediate memory for order.

Keywords: working memory, long-term memory, serial order, numerical

An important property of working memory is the ability to
maintain the serial order in which items have occurred. The prob-
lem of serial order is an old one (Lashley, 1951). One of the
earliest theoretical accounts is the chaining hypothesis, according
to which serial order is encoded via pairwise bindings between
successive list items. For immediate memory for short lists of
items (<10 elements), the chaining hypothesis has been refuted as
an exclusive mechanism of serial-order coding (Farrell, Hurlstone,
& Lewandowsky, 2013; Henson, Norris, Page, & Baddeley, 1996;
Hurlstone, Hitch, & Baddeley, 2014; Osth & Dennis, 2015). The
alternative hypothesis that has received the strongest empirical
support is the idea of positional coding: Serial order is represented
by binding each item to a representation of its serial order in the
list. Most contemporary models of serial recall therefore assume
some form of positional coding (e.g., Brown, Preece, & Hulme,
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2000; Burgess & Hitch, 1999; Lewandowsky & Farrell, 2008). The
aim of this study is to test one specific variant of positional coding
accounts that has received increased attention recently, which
assumes that the position representations are ordinal codes shared
with numerical cognition (e.g., Botvinick & Watanabe, 2007). This
hypothesis is supported by studies showing a number of similarities
between hallmark serial-order phenomena in working memory and
numerical cognition (Marshuetz, Smith, Jonides, DeGutis, & Chen-
evert, 2000; Van Dijck & Fias, 2011; for a review, see Majerus &
Attout, 2018). In three experiments, we could not find credible evi-
dence for a role of numerical codes in the coding of serial-order
information in working memory. At the same time, this study pro-
vides novel evidence for positional accounts of serial-order coding.
The majority of computational models of serial recall rely on
temporary bindings between list items and a representation of the
item’s serial position in the list, often referred to as context. Many
of these models assume that serial-order information is coded via
specific context signals that change over time, such as episodic
contexts or temporal oscillators (Burgess & Hitch, 1999, 2006;
Brown et al., 2000; Brown, Neath, & Chater, 2007; Hartley,
Hurlstone, & Hitch, 2016). In these models, item information is
encoded via specific item representations (which, in the model of
Burgess and Hitch, are explicitly associated with the linguistic
system) whereas serial order is represented via temporary associ-
ations between a specific state of the temporal/episodic signal and
the item occurring at the same time. Henson (1998) proposed a
similar account using two context dimensions, one representing the
beginning of the list (start node), and another the end of the list
(end node). Items at the beginning of the list are associated more
strongly to the start node, and those at the end more strongly to the
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end node, so that the differential association strength of each item
to these two nodes identifies the item’s position in the list. Our
study will focus on a strong version of the context-based serial-
order models, according to which serial position information is not
only coded via specific ordinal codes, but that these codes stem
from absolute numerical codes. An example for this type of ac-
count is the computational model proposed by Botvinick and
Watanabe (2007), which assumes that (numerical) rank order
information is associated with each item representation, as a func-
tion of the order of presentation of each item.

The hypothesis of numerical codes for the coding of serial-order
information in working memory was initially raised by a study by
Marshuetz et al. (2000), observing that judgment of serial-order
information in probe recognition working memory tasks and judg-
ment of the magnitude of numbers lead to similar distance effects,
with increased RTs and reduced accuracies for closer serial posi-
tions/numbers (see also Henson, Hartley, Burgess, Hitch, & Flude,
2003). At the neuroimaging level, Marshuetz et al. (2000)com-
pared serial-order and item-probe short-term recognition para-
digms and observed an extensive recruitment of intraparietal cor-
tices during the serial-order probe recognition conditions. The
same intraparietal areas have also been shown to be involved when
close numbers have to be judged as compared to more distant
numbers (Chochon, Cohen, van de Moortele, & Dehaene, 1999;
Pinel, Dehaene, Riviere, & LeBihan, 2001). Marshuetz, Reuter-
Lorenz, Smith, Jonides, and Noll (2006) further showed that the
same intraparietal sulcus areas are also sensitive to distance effects
in serial-order working-memory tasks: these regions are more
strongly activated when participants have to compare close serial
positions than when they have to compare more distant serial
positions. Attout, Fias, Salmon, and Majerus (2014) directly com-
pared serial-order recognition in working memory and numerical
ordinal judgment and observed that the distance effect in both
tasks elicited common activity in the intraparietal sulci, with
elevated levels of activity for closer serial positions and numbers.

Further evidence for an association of numerical processing and
working memory serial-order processing also comes from studies
showing that hallmark numerical effects can also be observed in
working memory tasks. van Dijck and colleagues (van Dijck &
Fias, 2011) showed that the SNARC effect, characterized by faster
left-hand responses when judging small numbers and faster right-
hand responses when judging large numbers (Dehaene, Bossini, &
Giraux, 1993) can also be observed in working memory tasks. In
their seminal study, van Dijck and Fias (2011) showed that mem-
ory items, when being reactivated during the maintenance delay of
a list of memoranda, were judged faster (as regards their semantic
category) with the left hand when they had occurred earlier in the
memory list and faster with the right hand when they had occurred
later in the memory list. These results indicate that numbers and
serial positions may be represented using a common code, which
could be a spatial code putting small numbers/early list positions
on the left extremity of a mental number line, and putting large
numbers/late serial positions on the right extremity of a mental
number line. This spatial interpretation is also in line with the
observation of a right hemisphere dominance for intraparietal
sulcus activation when judging serial-order information in working
memory tasks, the right parietal cortex being specifically involved
in spatial processing (Chechlacz, Rotshtein, & Humphreys, 2014;
Corbetta & Shulman, 2011; Fias, Lammertyn, Reynvoet, Dupont,

& Orban, 2003; Hubbard, Piazza, Pinel & Dehaene, 2005; Majerus
et al., 2006, 2010; Rao, Mayer, & Harrington, 2001). The associ-
ation between serial position, numerical position and left—right
space has been replicated in several studies (Ginsburg, van Dijck,
Previtali, Fias, & Gevers, 2014; Guida, Leroux, Lavielle-Guida, &
Noél, 2016; van Dijck, Abrahamse, Majerus, & Fias, 2013) and
can be reversed in cultures using a right-to-left writing system
(Guida et al., 2018).

This assumption of spatial-numerical codes supporting the rep-
resentation of serial-order information is in line with context-based
models assuming the existence of specific codes for the represen-
tation of serial-order information, and more particularly with mod-
els assuming that these codes are similar to ordinal positional
codes as also used in the spatial and numerical domains. The
model by Botvinick and Watanabe (2007) is most directly relevant
here as it considers that serial position information is coded via
numerical rank order information. The start-end model by Henson
(1998) is also of interest as it relates serial-order codes to two
ordinal markers that mark items relative to the beginning and the
end of a memory list, similar to the left-right dimension of the
mental number line when applied to finite sequences of informa-
tion.

This Study

The aim of this study is to test a strong version of the numerical
hypothesis of serial-order coding by examining the extent to which
numbers and working memory serial positions are represented by
common codes. The rationale of this study is that if numbers and
serial positions use the same underlying ordinal positional codes,
then associating the same items to both numbers and serial posi-
tions should lead to facilitatory or interfering effects between these
associations. In Experiment 1, participants first learned associa-
tions between words and numbers. We then assessed the extent to
which the word-number associations facilitated serial recall of
words when the words’ positions in the memory list were congru-
ent with the associated numbers, and impaired serial recall when
the words’ list positions were incongruent with the associated
numbers. If serial positions are coded using the same ordinal
representations as those underlying numbers, then the numbers
associated to the memoranda in the learning phase should interact
with the numbers corresponding to the serial positions in which the
words will occur during memory list presentation. Experiments
2-3 were control experiments to provide a deeper understanding of
the results observed in Experiment 1 (see Table 1 for an overview
of experiment designs).

Experiment 1

If serial position information is encoded using the same ordinal
codes as numbers, then a word appearing in a given serial position
of a memory list should be bound to an ordinal representation
corresponding to the numerical rank of its position (e.g., a word
presented in the first serial position should be bound to an ordinal
representation corresponding to the digit 1, a word presented in the
second serial position should be bound to an ordinal representation
corresponding to the digit 2, etc. . . .). The preestablished number—
word associations in the present experiment should interact with
these numerical ordinal codes: Coding and maintenance of serial
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Table 1

Summary of Study Designs and Condition Specific Descriptive Statistics of Memory Accuracy for Experiments 1-3

Within-list item—position Memory accuracy

Experiment Design Association learning Memory list types consistency M (SD)
1 Within-subjects ‘Word-number NP-congruent 50% 0.51 (0.16)
‘Word—color NP-incongruent 50% 0.53 (0.18)
Color control 100% 0.57 (0.17)
Novel control 100% 0.63 (0.17)
2 Within-subjects No learning NP-congruent 50% 0.44 (0.18)
NP-incongruent 50% 0.46 (0.15)
Color control 100% 0.54 (0.19)
Novel control 100% 0.54 (0.19)
3 Group “congruent” ‘Word-number NP-congruent 100% 0.60 (0.18)
‘Word—color Color control 100% 0.55 (0.18)
Novel control 100% 0.62 (0.18)
Random control 0% 0.50 (0.13)
Group “incongruent” ‘Word-number NP-incongruent 100% 0.54 (0.16)
‘Word—color Color control 100% 0.59 (0.16)
Novel control 100% 0.62 (0.18)
Random control 0% 0.45 (0.18)

Note. NP = number—position.

position information should be facilitated if the preassociated
number matches the numerical rank of the word’s serial position in
the memory list; if the preassociated number mismatches the rank
of the word’s serial position, coding and maintenance of serial-
order information should be impaired. In Experiment 1, this hy-
pothesis was tested using an immediate serial recall task for lists of
seven words. Prior to the working memory task, the participants
had learnt to associate a given word to a given digit. In order to
control for the more general impact of learning word—stimulus
associations prior to the working memory task, a control condition
was also administered in which participants had to learn to asso-
ciate a second set of words (also used in the subsequent immediate
serial recall task) to color words rather than numbers (see Figure 1
for an overview of associations to be learnt and Table 1 for an
overview of experiment design). Participants were presented four
types of immediate serial recall lists. In the number—position
(NP)-congruent lists, the words always occurred in the serial
position corresponding to the digit associated to each word in the
learning phase; if there is coding of serial position information
based on numerical codes, then immediate serial recall perfor-
mance should be enhanced in this condition relative to control
conditions (see Figure 1). NP-incongruent lists were constructed in
the same manner except that the words appeared in a serial
position that was incongruent with the number that had been
associated to each word during the learning phase (see Figure 1
and Appendix A); according to our hypothesis, we expected de-
creased immediate serial recall performance in this condition, both
relative to the NP-congruent and the control lists. There were two
types of control memory lists. A first type of list was composed of
the color control words (i.e., words that had been associated to
color words in the learning phase). A second type of memory list
was composed of novel control words (i.e., words that had not
been presented during the learning phase).

Method

Participants. The study sample comprised 34 participants (17
female) with a mean age of 21.82 years (range = 18-29 years)

recruited from the local community. Data of one additional par-
ticipant were incomplete due to premature stopping of the exper-
imental task, and therefore were not included. In this and all
subsequent experiments, all participants were native French speak-
ers with no history of neurological disorders or learning difficul-
ties. They gave their written informed consent prior to their inclu-
sion in the study. The study was carried out according to the ethical
guidelines of the ethics committee of the Faculty of Psychology
and Educational Sciences of the University of Liege.

Materials. The stimulus material consisted of three pools of
14 words each (number pool, color control pool, novel control
pool). The words were all disyllabic concrete words stemming
from the same semantic categories across the three pools, and of
similar lexical frequency (see Appendix A). For the number pool,
the 14 words were paired with digits ranging from 1 to 7, with two
words being paired with each digit. For the color control pool, the
pairing procedure was the same except that seven color words (red,
green, blue, gray, yellow, black, turquoise) were used instead of
digits. The assignment of word sets to the number pool and the
color control pools was counterbalanced between participants.

Procedure. During the learning task, the participants learned
the word—digit and word—color associations, by seeing each word
paired with its digit/color on the screen. Each pair was presented
for 1,250 ms, during which the participants had to read out aloud
and memorize the pair. The word was presented 64 pixels above
the horizontal midline of the screen, and digit/color word was
presented 64 pixels below (40-point Calibri font). After a first
presentation of the 28 pairs in random order, a first recall phase
was initiated during which all words were presented one by one in
random order, and participants had to recall the corresponding
digit/color word by pressing the appropriate response button. We
used the number keys from 1-7 for the digits, and the letter keys
corresponding to the initial letter of the color word, as response
buttons. If participants did not know the correct answer, they
randomly selected one of the response buttons to proceed to the
next item. The entire procedure (presentation and testing) was
repeated until the participants reached a recall accuracy of at least
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Word-number and word-color associations of the learning tasks (Exp. 1 & 3)

Word number Word color

Wy1 1 Weorl red

Wy2 1 Weor2 red

Wy3 2 Weo3 green

Wyd 2 Weold green

W\5 3 Weol5 blue

Wy\6 3 Weol6 blue

Wy7 4 Weol7 grey

Wn8 4 Weoi8 grey

Wn9 5 Weol9 yellow

Wy10 5 Weo 10 yellow

Wy11 6 Weolll black

Wy12 6 Weol12 black

Wy13 7 Weo13 turquoise

Wy14 7 Weol14 turquoise

Structure of immediate serial recall lists (Exp. 1 -3)
Serial position
Listtype 1 2 3 4 5 6 7
NP-Congruent Wy1/2 Wy3/4 Wy5/6 Wy7/8 Wy9/10 Wy11/12 Wy13/14
NP-Incongruent | W\7/8 Wy9/10 Wy11/12 Wy13/14 Wy1/2 Wy3/4 Wy5/6
COLOR Weo1/2 Wco3/4 Wcol5/6 Wcol7/8 W0 9/10 Weo111/12 Wco13/14
NOVEL Wyov1/2 Whov3/4 Wyov5/6 Wyov7/8 Wyov9/10 Wyov11/12 Wyov13/14
RAND WoeanpA/B WeanpA/B WeanpA/B WeanpA/B WeanpA/B WeanpoA/B WeanpA/B
Figure 1. Overview of material and structure for the learning and immediate serial recall tasks used in this

study. For the Wy, W¢qp, and Wy lists, the number suffixes indicate a specific item from the respective
stimulus sets; for the Wy onp lists, the letter suffixes indicate that any word from the A and B random control
stimulus sets could occur in any specific serial position. W = words from the stimulus set associated to
numbers in the learning task; W, = words from the stimulus set associated to color words in the learning task;
Wyov = words from the novel control stimulus set; Wg np = words from the random control stimulus set;
NP = number—position; NP-congruent = Wy words occurring in serial positions congruent with associated
numbers; NP-incongruent = W words occurring in serial positions incongruent with associated numbers.

90% on two consecutive study—test cycles. The procedure was
aborted if the participant had not reached the learning criterion
after 12 study-test cycles, and these participants were not included
for the second phase. The participants received the following
instructions: “Remember the numbers and colors associated with
each word and repeat them aloud” (for encoding of word-digit/
color pairs), and “Press the key corresponding to the number or to
the first letter of the color word to which the shown word was
associated” (for the recall phase).

For the immediate serial recall task, administered immediately
after the learning task, the participants were presented memory
lists of seven words, each word being presented centrally on the
screen (40-point Calibri font) for 1,000 ms, followed by an inter-
stimulus-interval of 250 ms. When the last word of a list had been
presented, an interrogation mark was presented and the partici-

pants had to orally recall all the words of the sequence in correct
serial order; when they did not remember a word for a given
position, they had to say “blank.” There were four types of mem-
ory lists (see Appendix B for a full presentation of stimulus lists).
For the NP-congruent lists, the words always occurred in the serial
position corresponding to the digit associated to each word in the
learning phase (see Figure 1). NP-incongruent lists were con-
structed in the same manner, by starting from the NP-congruent
lists and shifting all items by four serial position in the same
direction lists to make the number associated with each word
during the learning phase incongruent with the serial position in
which the word will occur in the immediate serial recall task (e.g.,
when Item A occurred in Position 2 for the NP-congruent list, it
occurred in Position 6 for the NP-incongruent list); this also
allowed us to match the lists for interitem transitions (see Figure 1
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and Appendix B). Each participant also received memory lists
composed of the color control words (i.e., words that had been
associated to color words in the learning phase) and memory lists
composed of the novel control words (i.e., words that had not been
preexposed). The color control lists and novel control lists were
constructed to exactly match the number association lists in their
composition: We paired each word of the color pool to one word
of the number pool, and likewise, each word of the novel pool to
one word of the number pool. For each participant, these words
occupied the same list positions in all lists as the words from the
number pool they were paired with. In this way, the four types of
memory list each participant received (color, novel, NP-congruent,
NP-incongruent) were matched for first-order transition probabil-
ities between list words. There were 20 lists for each list type. All
responses were recorded for later transcription and scoring. We
scored responses at the item level (items recalled irrespectively of
their serial position within the list) and serial-order level (items
recalled in correct serial position). Finally, at the end of the
immediate serial recall task, knowledge of the word—digit/color
associations was retested by readministering once the test proce-
dure of the learning task.

Statistical analysis. All the statistical analysis conducted in
the present study adopted a Bayesian and model comparison
approach (see, e.g., Dienes, 2011, 2016; Wagenmakers, 2007;
Wagenmakers, Lee, Lodewyckx, & Iverson, 2008). In Bayesian
model comparison, the null hypothesis is directly compared to the
alternative hypothesis (effect of interest), and evidence for both the
null effect and the effect of interest can be simultaneously tested
(Dienes, 2014), whereas frequentist statistics only test the effect of
interest by rejecting the null hypothesis. Statistical results are
interpreted using the Bayes factor (BF), which reflects the likeli-
hood ratio of two compared models. Here, the BF,, is used to
determine the likelihood ratio of the alternative model relative to
the null model, and the BF,,; to determine the likelihood ratio of
the null model relative to the alternative model. We use the verbal
descriptions proposed by (Jeffreys, 1961; see also Lee & Wagen-
makers, 2013): A BF of 1 provides no evidence, 1 < BF < 3
provides anecdotal evidence, 3 < BF < 10 provides moderate
evidence, 10 < BF < 30 provides strong evidence, 30 < BF <
100 provides very strong evidence, and 100 < BF provides ex-
treme/decisive evidence. All the analyses were conducted with
Version 0.9.0.1 of the JASP software package, using default set-
tings for Cauchy prior distribution (Wagenmakers et al., 2018). In
regard to statistical power, the Bayesian statistical framework is

Table 2

based on collecting evidence in favor or against an effect of
interest and this evidence is incremental and evolves as a function
of collected data (Schonbrodt & Wagenmakers, 2018). In contrast
to frequentist statistical frameworks, inference taken from obtained
data is also independent of the data collection plan (Berger &
Wolpert, 1988; Dienes, 2011; Wagenmakers et al., 2015). It is
however possible to conduct an indicative design analysis to
determine the sensitivity of a given Bayesian statistical design:
This design analysis estimates the probability of obtaining a spe-
cific BF value for a specific effect as a function of simulated
sample sizes and an a priori estimation of the effect size (Schon-
brodt & Wagenmakers, 2018). We used Monte Carlo simulations
and the BFDA package (Schonbrodt, 2016) implemented in R
(Version 3.6.0) to assess the sensitivity of our statistical design to
provide evidence for an effect of NP-congruency/incongruence
relative to the control conditions. This analysis showed that if the
effect of interest exists, the minimal sample size needed for reach-
ing minimal evidence (BF,, > 3) in favor of the effect in 100% of
simulated samples was N = 10. For this sensitivity analysis, we
assumed an effect size of Cohen’s d = 1 (n? = 0.2) based on other
studies exploring the impact of implicitly activated prior knowl-
edge on immediate serial recall performance for verbal lists (Ma-
jerus, Van der Linden, Mulder, Meulemans, & Peters, 2004; Ma-
jerus, Martinez Perez, & Oberauer, 2012).

Results and Discussion

All participants learnt the word—digit/color associations in less
than 12 trials (number of trials for reaching the learning criterion,
M = 5.97, 5D = 2.24). Mean recall accuracy after the last learning
trial was 0.95 (SD = 2.82) and it still amounted to 0.88 (SD =
6.27) when retested at the end of the immediate serial recall task.
Further descriptive statistics are provided in Table 1.

A Bayesian repeated-measures analysis of variance (ANOVA)
with list condition (NP-incongruent, NP-congruent, color control,
novel control) and serial position (seven positions) as within-
participant factors was conducted on the serial-order recall score.
This analysis revealed decisive evidence for an effect of both serial
position and list condition (see Table 2). As shown in Figure 2,
recall accuracy was characterized by a marked primacy effect and
a smaller recency effect. Figure 2 further shows that both the
NP-congruent and the NP-incongruent lists led to poorer recall
accuracy than the color control and the novel control lists. This
was not the expected pattern of results, as we had expected poorer

Results of the Bayesian Repeated-Measures Analysis of Variance on the Serial-Order Recall

Score in Experiment 1

Model P(M) P(Mldata) BE, BE,, Error %
Null model (incl. subject) 0.20 4.52¢7 183 1.81e %2 1.00

COND 0.20 4.44¢7178 1.77¢~'77 98,022.50 0.80
POS 0.20 8.56e 17 3.42e71° 1.89¢!%¢ 0.50
COND + POS 0.20 0.99 324.44 2.18¢'%? 0.76
COND + POS + COND X POS 0.20 0.01 0.05 2.69e'%0 1.00

Note. COND = list condition effect; POS = serial position effect; P(M) = prior probability of each model;
P(Mldata) = model’s posterior probability; BF = Bayes factor; BF,, = change from prior to posterior model
odds; BF,, = Bayes factor of each model in comparison to the null model; error % = estimate of the estimation

error of the BFs.
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Figure 2. Means and standard errors for serial order recall scores as a
function of list condition in Experiment 1. NP = number—position.

recall for the NP-incongruent list but increased recall for the
NP-congruent list. Furthermore, the color control list led to slightly
lower recall accuracy than the novel control list (see Table 3 for
pairwise comparisons).

The finding of decreased recall performance for both NP-
congruent and NP-incongruent lists falsifies our prediction of
increased performance for the NP-congruent lists. This finding
contradicts our hypothesis of a functional role of number codes for
the representation of serial order. A question that arises here is
whether the specific arrangement of the words within the lists may
have caused the effects observed in Experiment 1. Whereas for the
color and novel control lists, a given word always occurred in the
same serial position, the words in the NP-incongruent and NP-
congruent lists, although occurring within each condition always in
the same serial position, actually occurred in two different serial
positions across the two conditions, as the same words were used
in both conditions (see also Table 1 and Figure 1). Hence, it is
possible that participants learned the 100% consistent item—
position associations in the color and novel control lists across
multiple trials, and this learning of item—position bindings could
have been reduced in the NP-congruent and NP-incongruent lists
because the assignment of words to positions was only 50%
consistent across the two list conditions—the same word occurred
in two different serial positions. In other words, the effects ob-
served in Experiment 1 could reflect cumulative learning of item—
position associations during the immediate serial recall task rather
than stem from the word—number associations created during the
learning phase. If this is the case, then exactly the same effects
should be observed if the immediate serial recall tasks are admin-
istered without being preceded by a word—digit association learn-
ing phase. We tested that hypothesis in Experiment 2.

Experiment 2

This experiment used the same tasks and methodological design
as in Experiment 1, with the difference that the learning phase was
omitted.

Method

Participants. The sample comprised 20 participants (10 fe-
male) with a mean age of 20.15 years (range = 18-29 years)
recruited from the local community. All participants were native
French speakers with no history of neurological disorders or learn-
ing difficulties. All participants gave their written informed con-
sent prior to their inclusion in the study. The study was carried out
according to the ethical guidelines of the ethics committee of the
Faculty of Psychology and Educational Sciences of the University
of Liege.

Material and procedure. The immediate serial recall tasks
used the same material and followed the same procedure as in
Experiment 1.

Results and Discussion

The same analyses were carried out as for Experiment 1. The
analysis of order recall revealed again decisive evidence for an
effect of both serial position and list condition (see Table 4 and
Figure 3; descriptive statistics are provided in Table 1). There was
strong evidence against their interaction (BF,, = 45.25). As
shown in Figure 3, both the NP-congruent and the NP-incongruent
lists led to poorer recall accuracy than the color control and the
novel control lists, replicating the main finding of Experiment 1
(see Table 5 for pairwise comparisons). Note that the NP-
congruent versus NP-incongruent distinction, on the one hand, and
the color versus novel distinction, on the other hand, are purely
technical given that there was no learning phase in this experiment;
however, we kept these distinctions between lists to allow for
optimal comparability between the analysis designs of the other
experiments.

To obtain a more precise understanding of the results, we
additionally carried out an error analysis. First, if the superior
recall in the color and novel condition reflects better item—position
learning, then that effect should be most pronounced for order
errors, and less for item errors. We calculated the proportion of
item errors as the number of omission and intrusion errors divided
by the total number of items presented (by summing over all lists
and serial positions for a given condition) and the proportion of
order errors as the number of items recalled in a wrong serial
position divided by the total number of items recalled (by sum-
ming again over all lists and serial positions for a given condition).
Item and order error proportions were computed for each condi-
tion. A repeated-measures Bayesian ANOVA revealed moderate
evidence for a condition effect (BF,, = 3.73; > = 0.17) on item

Table 3
Pairwise Exploration of the Condition Effect on the
Serial-Order Recall Score in Experiment 1

Condition 1 Condition 2 BFy,
NP-incongruent NP-congruent 0.79
Color 4.30
Novel 3.74e%
NP-congruent Color 4,727.70
Novel 5.41e"
Color Novel 2,840.80
Note. NP = number—position; BF = Bayes factor.
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Table 4

Results of the Bayesian Repeated-Measures Analysis of Variance on the Serial-Order Recall

Score in Experiment 2

Model P(M) P(Mldata) BFy BF,, Error %
Null model (incl. subject) 0.20 4.16e 120 1.66e 128 1.00
COND 0.20 7.30e %8 2.92¢ 1?7 17.54 1.04
POS 0.20 3.97¢° 1.59¢ 8 9.53¢!" 1.71
COND + POS 0.20 0.98 181.01 2.35¢!%8 0.82
COND + POS + COND X POS 0.20 0.02 0.09 5.20e'%¢ 0.84

Note. COND = list condition effect; POS = serial position effect; P(M) = prior probability of each model;
P(Mldata) = model’s posterior probability; BF = Bayes factor; BFy; = change from prior to posterior model
odds; BF,, = Bayes factor of each model in comparison to the null model; error % = estimate of the estimation

error of the BFs.

errors but very strong evidence for a condition effect (BF,, =
46.79; m* = 0.26) on order errors, confirming our prediction. As
shown in Figure 4A, NP-congruent and NP-incongruent lists led to
an increase in serial-order errors as compared to novel control lists,
and, at a slightly lesser extent, to color control lists (see also Table
5 for pairwise comparisons).

Next, we analyzed the nature of intrusion errors (i.e., words
from another than the to-be-recalled lists) more closely, by deter-
mining whether intrusion words tended to be recalled in the serial
position they had in their list of origin. If during the experiment,
item—position associations are progressively learned then intrusion
words coming from lists with 100% consistent item—position as-
sociations (color and novel lists) should show a stronger tendency
to be produced in their original position as compared to intrusion
errors from lists with 50% consistent item—position associations
(NP-incongruent and NP-congruent lists; for intrusion errors com-
ing from these lists, an intrusion error was considered as being
produced in its original serial position if occurring in one of the
two possible positions in which the given item also occurred in the
NP-incongruent and NP-congruent lists). We computed for each
list condition the proportion of intrusion errors that were produced
in their original position relative to all intrusion errors. Extralist
intrusions errors involving items from color and novel list condi-
tions occurred more often in their position of origin than expected

1.0+
0.84
> 0.6
(1]
S
3
Q 0.4+
<
COLOR
0.2 NOVEL
=%« NP-Incongruent
—a— NP-Congruent
0.0 T T T T T T T

1 2 3 4 5 6 7
Serial Position

Figure 3. Means and standard errors for serial order recall scores as a
function of list condition in Experiment 2. NP = number—position.

by chance (BF,, = 182,546) while this was not the case for
intrusions from NP-incongruent and NP-congruent lists' (BF,, =
0.67; see Figure 4B).

The observation of a list condition effect for immediate serial
recall in the absence of any word—number association learning
phase supports the hypothesis that the decreased performance in
the NP-congruent and NP-incongruent lists relative to the color
and novel control lists observed in Experiment 1 is due to the
100% consistent item—position associations within the color and
novel control immediate serial recall lists while this consistency is
only 50% in the NP-congruent and NP-incongruent lists. Further
strong support for this interpretation is provided by the error
analysis. These results indicate that the participants learned the
item—position mappings over the course of the experiment, and
they did this most strongly for lists with 100% consistent item—
position mappings.

Experiment 3

The cumulative learning across multiple lists we incidentally
discovered in Experiments 1 and 2 is reminiscent of the Hebb
repetition effect on serial recall: When the same list is repeated
across several trials, immediate serial recall gradually improves
over trials (Hebb, 1959). The learning we observed here differs
from the standard Hebb repetition effect because we never re-
peated the same list; only individual word—position assignments
were repeated. Previous research has provided evidence that
merely repeating individual item—position assignments across tri-
als is not sufficient to generate the Hebb repetition learning (Cum-
ming, Page, & Norris, 2003). In light of the conclusion of Cum-
ming et al. (2003), the finding of cumulative item—position
learning across lists that we found in Experiments 1 and 2 is
surprising. The standard Hebb repetition effect is demonstrated by
comparing serial recall of repeated lists to serial recall of filler lists
that are generated by reordering the same items at random in each
trial. In Experiments 1 and 2, in contrast, learning was demon-
strated in comparison to a condition in which each word was
assigned to only two of seven possible conditions. Therefore, it is
important to test whether repeating individual word—position as-
signments leads to learning also in comparison to a control con-

! Note that for sake of reliability of the analysis, we collapsed intrusion
errors from color and novel lists on the one hand and intrusion errors from
NP-incongruent and NP-congruent lists on the other hand.
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Table 5

Pairwise Exploration of the Condition Effect on the Serial-
Order Recall Score, Order Errors, and Item Errors in
Experiment 2

Condition 1 Condition 2 BF,o
Recall score
NP-incongruent NP-congruent 0.63
Color 734.48
Novel 780.34
NP-congruent Color 6.01e”
Novel 6.64e%
Color Novel 0.13
Item errors
NP-incongruent NP-congruent 0.80
Color 1.44
Novel 0.48
NP-congruent Color 3.39
Novel 1.33
Color Novel 0.49
Order errors
NP-incongruent NP-congruent 0.46
Color 2.21
Novel 22.50
NP-congruent Color 2.44
Novel 10.96
Color Novel 0.42

Note. NP = number—position; BF = Bayes factor.

dition in which words are ordered completely at random on each
trial. The first aim of Experiment 3 was to test this by adding a
random control list in which each word was equally likely to occur
in every list position.

The second aim was to test again for an effect of learned
word—number associations on immediate serial recall. Therefore,
Experiment 3 included the word—number learning phase as in
Experiment 1, but each participant was given only the NP-
incongruent or the NP-congruent lists during the immediate serial
recall phase, thereby eliminating the difference in opportunities
for item—position association learning in NP-incongruent/NP-
congruent lists relative to the control lists. Hence, in Experiment 3,

A 1.00- NP-Congruent mmm
) NP-Incongruent pm=m
COLOR -
NOVEL
@ .75+ -
)
=
2
2 0.50
—
Q.
15
(=]
" I I %
] I
0.00-

Item errors Order errors

the item—position mappings in the immediate serial recall task
were 100% consistent for all list conditions except the random
control list. If participants learn consistent item—position map-
pings, serial recall in the random control list should be worse than
in all other lists. If, in addition, prelearned word—number associ-
ation influence serial recall, then we expect better recall in the
NP-congruent than the color and novel control lists, and worse
recall in the NP-lincongruent lists than in these control lists.

Method

Participants. The study sample comprised 44 participants (36
female) with a mean age of 21.77 years (range = 18-28 years)
recruited from the local community. All participants were native
French speakers with no history of neurological disorders or learn-
ing difficulties. All participants gave their written informed con-
sent prior to their inclusion in the study. The study was carried out
according to the ethical guidelines of the ethics committee of the
Faculty of Psychology and Educational Sciences of the University
of Liege.

Material. An additional pool of 14 words (random control
pool) was selected, the words having the same characteristics in
terms of number of syllables, lexical frequency, and semantic
category as the words in the other pools (see Appendix A).

Procedure. The words in the random (random) control lists
occurred in random serial positions, in contrast to the words in the
NP-congruent, NP-incongruent, color control and novel control
lists, which were composed with the constraint that each word
always appeared in the same position, as in the preceding exper-
iments. The different list types were presented in random succes-
sion. Half of the participants received the NP-congruent list con-
dition, and the remaining half received the NP-incongruent list
condition, in addition to the three other list types. Each participant
received 80 lists (20 per condition). The material and procedures
for the learning phase were the same as in Experiment 1.

Results and Discussion

As for Experiment 1, all participants learnt the word—digit/color
associations in less than 12 trials (mean number of trials for

B, 1.00-
S
(=]
=
()
= 0.754
2
3 —1—
8 0.50-
£
(]
)
A
1
=]
Q.
o
S
Q. 0.00- T
NP-In/Congruent COLOR/NOVEL

Figure 4. (A)Means and standard errors for item errors and order errors as a function of list condition in Experiment
2. (B) Proportion of in-position intrusion errors over the total amount intrusion errors as a function of list of origin;
the horizontal bars indicate the respective chance levels of in-position intrusion errors. NP = number—position.
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reaching the learning criterion = 5.96, SD = 3.97, and 7.64, SD =
2.75, for the number facilitation and number interference sub-
groups, respectively). Mean recall accuracy after the last learning
trial was 0.97 (SD = 3.29) and 0.97 (SD = 3.40) and it still
amounted to 0.92 (SD = 6.09) and 0.88 (SD = 9.01), for the
number facilitation and number interference subgroups, respec-
tively, when retested at the end of the immediate serial recall task
(see Table 1 for further descriptive statistics).

A first set of Bayesian repeated-measures ANOVA compared
serial recall of the NP-congruent lists to the different control lists
for the subgroup of participants in the NP-congruent list condition.
There was decisive evidence for an effect of both serial position
and list condition (see Table 6). The interaction was associated
with decisive evidence for its absence (BF,, = 133.33). As shown
in Figure 5, the random control list led to lower performance
relative to the three other list types (see Table 7 for pairwise
comparisons). Furthermore, the NP-congruent lists led to
slightly superior levels of performance relative to the color
control condition. However, this cannot be taken as firm evi-
dence for a facilitation effect of word—-number association
learning as the BF value in favor of the effect reflected only
anecdotal evidence (see Table 7).

A second set of Bayesian repeated-measures ANOVA compared
the NP-incongruent lists to the different control lists for the sub-
group of participants in NP-incongruent list condition (see Table
8). Like for the previous analysis, there was decisive evidence for
main effects of both serial position and list condition. Their inter-
action was associated with decisive evidence for its absence
(BF,, = 454.55). As shown in Figure 6, the random control list led
to lower performance relative to the three other list types, repli-
cating the results for the NP-congruent subgroup (see Table 9 for
pairwise comparisons). At the same time, and in contrast to the
NP-congruent subgroup, the critical list (NP-incongruent list)
tended to lead to lower levels of performance relative to both the
color and novel control conditions but the level of evidence re-
mained anecdotal (see Table 9).

A final analysis directly compared performance between the
NP-congruent and NP-incongruent subgroups via a mixed Bayes-
ian ANOVA by pooling over serial positions. The Bayesian
ANOVA with participant group (NP-congruent, NP-incongruent)
as group factors and list type (number list, color control list, novel
control list, random control list) showed that the model associated
with the highest evidence was a model including list type and the
interaction between NP-congruent/NP-incongruent subgroup, but

Table 6

this model was only 1.62 times more likely than the model includ-
ing only the list type effect. This list type effect was again driven
by overall lower performance of the random control list relative to
all other lists (see Table 10 for full results of the Bayesian
ANOVA and Figure 7). When running the same analysis without
the random control condition to assess the impact of the other
conditions in a more specific and direct manner, all models were
associated with a BF, value <1 in comparison to the null model
(list condition effect: BF,, = 0.51; NP-incongruent versus NP-
congruent subgroup effect: BF,, = 0.47; both main effects +
interaction: BF,, = 0.52). Note that when directly comparing the
interaction against a model with only the two main effects, anec-
dotal evidence in favor of the interaction was observed (BF,, =
2.06).

Finally, we carried out a further test of the hypothesis that
repeated exposure to item—position without entire list repetition
leads to a progressive increase of serial-order recall performance
due to the learning of the consistent item—position mappings. If
this is the case, performance should improve over the course of the
experiment selectively in those conditions with consistent item—
position mappings. We compared performance for only the first
five and final five trials of each list condition, by collapsing the
NP-incongruent and NP-congruent subgroups. This analysis in-
cluded the list conditions (NP-incongruent/NP-congruent, color,
novel, random), the serial position (seven levels), and trial epoch
(start of experiment, end of experiment) as repeated-measures
variables. The model with the highest BF value included the main
effects of the three variables and the expected interaction between
condition and trial epoch, as well as an interaction between serial
position and trial epoch (BF,, = 9.56e + 358); this model was
over 1,000 times more likely than the model associated with the
next highest BF value. As shown in Figure 8, level of performance
for the different list conditions was comparable during the first
trials whereas for the final trials, a clear difference appeared
between the random control list and the other lists which all
showed superior performance. Furthermore, the difference in re-
call accuracy between these different list conditions increased as a
function of increasing serial position.

These results confirm that lists with repeating item—position
associations (without repeating the lists) lead to superior perfor-
mance relative to a control condition in which words occur in
random serial positions, and further demonstrate that this is a
learning effect progressively appearing over the course of the
experiment. At the same time, Experiment 3 did not provide

Results of the Bayesian Repeated-Measures Analysis of Variance on the Serial-Order Score for
the Number—Position-Congruent Subgroup in Experiment 3

Model P(M) P(Mldata) BFy BF,, Error %
Null model (incl. subject) 0.20 2.94e 107 1.18¢1%¢ 1.00
COND 0.20 9.84¢ 106 3.94¢ 7103 3343 1.14
POS 0.20 2.52¢77 1.01e”7 8.55¢” 0.68
COND + POS 0.20 1.00 533.08 3.37¢!0¢ 0.86
COND + POS + COND X POS 0.20 0.01 0.03 2.53¢'4 0.76

Note.

COND = list condition effect; POS = serial position effect; P(M) = prior probability of each model;

P(Mldata) = model’s posterior probability; BF = Bayes factor; BF,, = change from prior to posterior model
odds; BF,, = Bayes factor of each model in comparison to the null model; error % = estimate of the estimation

error of the BFs.
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Figure 5. Means and standard errors for serial order recall scores as a
function of list condition for the NP-congruent subgroup in Experiment 3.
NP = number—position.

credible evidence for an impact of NP association learning on
serial-order working-memory although some anecdotal evidence
in favor of such an impact appeared.

General Discussion

The aim of this study was to test the hypothesis of numerical
coding of serial-order information in verbal working memory, by
assuming that serial position codes in working memory are iden-
tical to, or closely related to, ordinal numerical codes. In order to
achieve this, we preexposed participants to word—number associ-
ations and then used the same words for constructing memory lists,
with the words occurring in serial positions that matched the
number that had been preassociated to a given word (NP-
congruent lists) or that mismatched the preassociated number
(NP-incongruent lists). We found clear evidence against that effect
in Experiment 1, and a small but statistically not credible NP-
congruency effect in Experiment 3. At the same time, we inciden-
tally discovered that people learned individual item—position as-
sociations that were repeated across trials, thereby improving their
immediate memory for order.

Limited Evidence for a Numerical Account of
Serial-Order Working Memory

The present study has failed to provide evidence for a numerical
account of serial-order working memory. In Experiments 1 and 3,
prelearned item—number associations neither consistently inter-
fered nor facilitated the coding of serial-order information in
working memory. In Experiment 3, in which the consistency of
item—position associations between the NP-incongruent and NP-
congruent lists and control lists was strictly matched, limited
evidence for a NP-congruency/incongruence effect was observed,
with performance tending to be slightly lower/higher in the NP-
incongruent/NP-congruent lists relative to the color and novel
control lists. But this effect was associated only with anecdotal
evidence (BFs < 3) and was not supported when directly compar-
ing the congruency subgroups. Furthermore, the direct pairwise

comparison between the NP-congruent and the novel control lists
was associated with positive evidence against an effect. It could be
argued that the effect, if it exists, is smaller than assumed and that
our statistical design was not sufficiently sensitive to detect this
effect given the sample sizes used in this study. We should
mention here that sample sizes were in some of the experiments up
to three times larger than the minimal sample size indicated by
Bayesian design analysis; our study could detect effects at least
twice as small as the effect size on which design analysis was
based. It could also be argued that although participants learnt
word—number associations, these numbers may not have been
activated during the subsequent immediate serial recall task as the
learnt associations might have been lost over the immediate serial
task. This possibility is however unlikely given that the numbers
remained associated to the words in a very reliable manner until
the end of the immediate serial recall, with recall accuracy still
reaching nearly 90% when word—number associations were tested
at the end of the experiment. The most straightforward interpreta-
tion of our findings is that digits (or at least their graphic and
verbal labels) do not play a major role in coding serial position
information in working memory. Note that positive evidence
against an effect of number position congruency/incongruence
effect was also observed in an experiment not reported here and
using a serial-order probe recognition task instead of an immediate
serial recall procedure (the experiment can be accessed at https://
osf.io/3bm6r/?view_only=6d4110b6db6047{bb28d30712ca68bA4f).

These results indicate that the associations observed in the past
between numerical processing and serial-order working memory
cannot be explained by assuming that the same ordinal codes are
activated in both cases. The similar distance effects observed in
numerical judgment and serial-order working memory tasks (e.g.,
Attout et al., 2014; Marshuetz et al., 2006) may reflect the same
principle operating on different representations of ordinal rela-
tions: More similar stimuli are more difficult to discriminate than
more dissimilar ones (e.g., Oberauer & Lin, 2017; Pattamadilok,
Lafontaine, Morais, & Kolinsky, 2010; Zhang, Li, Wang, & Che,
2016). The associations observed more specifically between nu-
merical ordinal processing abilities, calculation abilities, and
serial-order working memory in developmental studies could also
be explained more simply by the fact that numerical processing
and calculation tasks, involving the comparison and manipulation
of multiple strings of information, depend on working memory
(Attout et al., 2014).

Table 7

Pairwise Exploration of the Condition Effect on the Serial-
Order Recall Score for the Number—Position (NP)-Congruent
Subgroup in Experiment 3

Condition 1 Condition 2 BF,,
NP-congruent Color 1.17
Novel 0.26
Rand 40,976.00
Color Novel 27.34
Rand 4.11
Novel Rand 4.95¢%7
Note. BF = Bayes factor.


https://osf.io/3bm6r/?view_only=6d4110b6db6047fbb28d30712ca68b4f
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Table 8

Results of the Bayesian Repeated-Measures Analysis of Variance on the Serial-Order Recall
Score for the Number—Position-Incongruent Subgroup in Experiment 3

Model P(M) P(Mldata) BFy BF,, Error %
Null model (incl. subject) 0.20 6.08¢ 150 2.43¢7 149 1.00
COND 0.20 2.86e 147 .14~ 140 469.57 0.61
POS 0.20 2.93¢ 1.17¢ 13 4.82¢'% 0.61
COND + POS 0.20 1.00 1,829.40 1.64¢'¥ 1.00
COND + POS + COND X POS 0.20 0.00 0.01 3.59¢!4¢ 2.97

Note. COND = list condition effect; POS = serial position effect; P(M) = prior probability of each model;
P(Mldata) = model’s posterior probability; BF = Bayes factor; BFy; = change from prior to posterior model
odds; BF,, = Bayes factor of each model in comparison to the null model; error % = estimate of the estimation

error of the BFs.

Evidence for Item—Position Learning:
Theoretical Implications

Our study led to an unexpected yet important finding as regards
theories of serial-order working memory. We observed evidence
for cumulative learning of item—position associations across trials.
For design reasons, in some conditions (i.e., the color control and
novel control conditions) each word always appeared in the same
list position, whereas in other conditions each word could appear
in two different positions (i.e., in the NP-incongruent and NP-
congruent conditions of Experiments 1 and 2), and in a third
condition (random control in Experiment 3) each word was equally
likely to appear in every possible list position (see also Table 1 for
an overview of the consistency of item—position mappings across
the different list conditions and experiments). Immediate serial
recall was better the more consistently each word was mapped to
one position. Furthermore, an error analysis of Experiment 2
showed that intrusions from other lists tended to maintain their
position in the list they came from if, and only if, the list of origin
had a consistent item—position mapping. These results indicate that
the participants learned the item—position mappings over the
course of the experiment.
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Figure 6. Means and standard errors for serial order recall scores as a

function of list condition for the NP-incongruent subgroup in Experiment
3. NP = number—position.

This fortuitous finding of positional learning in our experiments
is of theoretical importance for two different reasons. First, this
finding provides evidence for a phenomenon that has been rarely
identified in the literature. Cumulative learning across trials during
immediate serial recall tasks is best known as the Hebb learning
effect, in which repeated lists progressively lead to improved serial
recall performance (Burgess & Hitch, 2006; Hebb, 1961). How-
ever, in the classical Hebb learning effect, entire lists are repeated,
with both item—position and item—item relations being entirely
consistent. The current best explanation for the Hebb effect is that
people learn unified representations of the whole repeated lists
(Burgess & Hitch, 2006; Majerus et al., 2012). In the present study,
unified whole-list learning is not a viable explanation of results:
Given that for each position, two different words could occur, it
was extremely unlikely that by chance the exact same list was
presented more than once. A few studies have shown that repeated
item—item transitions can be sufficient for learning novel sequence
information and improving immediate serial recall performance
(Kahana, Mollison, & Addis, 2010; Majerus et al., 2004, 2012).
[tem—item co-occurrence learning also cannot explain the learning
we observed because, the consistency of item—item pairings was
the same in the NP-incongruent, NP-congruent and control lists
(except for the random control list) and yet performance in the
NP-incongruent/NP-congruent lists was lower than in the control
lists. As noted in the Methods section of Experiment 1, item—item
bindings were the same because interference and facilitations lists
were created by shifting the same items by four serial positions in
the same direction between list types (e.g., when item A occurred
in position 2 for the facilitation list, it occurred in position 6 for the

Table 9

Pairwise Exploration of the Condition Effect on the Serial-
Order Recall Score for the Number—Position (NP)-Incongruent
Subgroup in Experiment 3

Condition 1 Condition 2 BF,,
NP-incongruent Color 2.98
Novel 2.89
Rand 1.71e%
Color Novel 0.13
Rand 2.23e!!
Novel Rand 2.27¢e'"!

Note. BF = Bayes factor.
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Table 10

MAIJERUS AND OBERAUER

Results of the Bayesian Mixed Analysis of Variance on Serial-Order Recall Performance Pooled
Over Serial Positions as a Function of Number—Position (NP)-Incongruent and NP-Congruent

Subgroup and List Condition in Experiment 3

Model P(M) P(Mldata) BFy BF,, Error %
Null model (incl. subject) 0.20 6.71e? 2.69¢® 1.00
COND 0.20 0.44 3.14 6.55¢" 0.51
GROUP 0.20 3.12¢7° 1.25¢ 8 0.47 2.32
COND + GROUP 0.20 0.23 1.22 3.48¢7 3.24
COND + COND X GROUP 0.33 0.57 2.69 1.06e® 5.03

Note.

COND = list condition effect; POS = serial position effect; P(M) = prior probability of each model;

P(Mldata) = model’s posterior probability; BF = Bayes factor; BF,, = change from prior to posterior model
odds; BF,, = Bayes factor of each model in comparison to the null model; error % = estimate of the estimation

error of the BFs.

interference list). As a result, the same item—item transitions were
actually presented twice as frequently in the NP-incongruent/NP-
congruent lists when presented to the same participant (i.e., Ex-
periments 1 and 2), as compared to the item transitions in the
control lists. If item co-occurrence learning is to explain the
learning effects observed in this study, then NP-incongruent/NP-
congruent lists should have led to higher instead of lower perfor-
mance relative to the control lists. The only explanation that
remains for our findings is an explanation in terms of item—
position learning.

This finding of item—position learning is important as it suggests
a general, item—position associative learning mechanism for long-
term learning of sequences that has been considered as unlikely
before. In a partial Hebb learning experiment, Cumming et al.
(2003) used transfer lists in which the item in every second
position was the same as in the learning list (e.g., learning list: 7
85164923;transfer lists: 745268913,7158629423),
and they found no cumulative learning, which can be taken as
evidence against the learning of item—position associations. The
present study shows that item—position learning is not only possi-
ble, but is associated with very strong learning effects. To our
knowledge, the only study that has so far documented positional

0.8
5 0.6
(3]
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Figure 7. Means and standard errors for serial order recall performance
pooled over serial positions as a function of NP-incongruent/NP-congruent
subgroup and list condition in Experiment 3. NP = number—position.

learning is a recent study by Nakayama and Saito (2017) showing
positional learning of nonword syllables within an immediate
serial recall task of nonword lists. The authors presented specific
nonwords more frequently in one position than in another position
and they showed that immediate serial recall performance progres-
sively increased for recalling a nonword in the position where it
occurred most frequently. However, to make this happen, the
authors needed to present a large number of lists and item—position
repetitions (704 lists over 3 days in Experiment 1; 164 lists in
Experiment 1; 96 lists in Experiment 3). The present study is the
second study showing positional learning, and it shows that this
learning not only occurs for nonfamiliar verbal forms such as
nonwords but also for words. Notably, the present study shows that
this learning can occur rapidly, with specific item—position bind-
ings being repeated only 10 times (compared to a minimum of 24
repetitions in the study by Nakayama and Saito). This raises
however the question why no such positional learning was ob-
served in the partial Hebb list learning experiment by Cumming et
al. (2003). A possibility is that both item—position and item—item
associations are learned when an entire list is repeated, and that the
positive transfer of item—position association learning for half of
the items in lists used by Cumming et al. (2003) was counteracted
by negative transfer of item—item association learning, because in
the transfer list all item—item transitions were new. In support of
this interpretation, Kahana et al. (2010) showed that when item—
position associations are inconsistent but item—item associations
are highly consistent (such as during the repetition of spin lists
where the same lists are repeated but presentation is initiated at
different positions of the lists), there is still significant improve-
ment of list recall over successive trials.

Another theoretical implication of our findings is that the posi-
tional learning effects provide strong support for positional models
of serial order, coding serial order by binding each item to its
position in the list. Several models of serial recall use this mech-
anism. In the Burgess and Hitch (1999, 2006) model each item is
associated to the specific contextual signal that was active when a
specific item occurred. Models assuming temporal coding mech-
anisms also use this mechanism, assuming that a given item is
associated to the state of a temporal oscillator at the time of
encoding, corresponding to the temporal position in which the item
occurred (Brown et al., 2000; Hartley et al., 2016). Models like the
start—end model (Henson, 1998) are also consistent with our
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NP = number—position.

findings, by associating items with variable strength to markers of
the beginning and the end of a list, as a function of their serial
order of occurrence. Finally, the spatial account of serial-order
coding mentioned in the Introduction section is also compatible
with a serial position coding mechanisms, and is, in some way,
very similar to the Start-End model by considering that the start-
end markers are the left—right anchor points of the spatial attention
account. Our results show that not only for immediate serial recall
but also for long-term learning of sequential information, models
based on strengthening of item—position associations are empiri-
cally better supported than models assuming learning of a primacy
gradient over items (e.g., Page & Norris, 2009). In sum, context-
based models, assuming specific codes for different serial posi-
tions, are clearly supported by our data. There are currently many
models of this type, and future studies need to determine whether
one type of contextual-positional code is more likely to account for
serial position coding in working memory, or whether different
types of contexts can be used simultaneously for coding serial
position information which is a quickly vanishing and difficult to
fix information particularly in sequential tasks (Majerus, 2019).
Our study, however, allows to make the following statements: (a)
Contextual models assuming direct and exclusive coding of serial
position information by numerical codes are unlikely, and (b)
contextual models need to account for the quick positional learning
that can occur during immediate serial recall tasks

Conclusion

This study provides no evidence for a numerical coding account
of serial-order working memory. At the same time, this study
discovered robust and fast item—position learning over multiple
immediate serial recall trials, supporting contextual models of
serial-order memory that code serial-order information through
bindings of items to their positions.

References

Attout, L., Fias, W., Salmon, E., & Majerus, S. (2014). Common neural
substrates for ordinal representation in short-term memory, numerical

and alphabetical cognition. PLoS ONE, 9, €92049. http://dx.doi.org/10
.1371/journal.pone.0092049

Berger, J. O., & Wolpert, R. L. (1988). The likelihood principle (2nd ed.).
Hayward, CA: Institute of Mathematical Statistics.

Botvinick, M., & Watanabe, T. (2007). From numerosity to ordinal rank:
A gain-field model of serial order representation in cortical working
memory. The Journal of Neuroscience, 27, 8636—8642. http://dx.doi
.org/10.1523/INEUROSCI.2110-07.2007

Brown, G. D., Neath, 1., & Chater, N. (2007). A temporal ratio model of
memory. Psychological Review, 114, 539-576. http://dx.doi.org/10
.1037/0033-295X.114.3.539

Brown, G. D. A., Preece, T., & Hulme, C. (2000). Oscillator-based mem-
ory for serial order. Psychological Review, 107, 127-181. http://dx.doi
.org/10.1037/0033-295X.107.1.127

Burgess, N., & Hitch, G. J. (1999). Memory for serial order: A network
model of the phonological loop and its timing. Psychological Review,
106, 551-581. http://dx.doi.org/10.1037/0033-295X.106.3.551

Burgess, N., & Hitch, G. J. (2006). A revised model of short-term memory
and long-term learning of verbal sequences. Journal of Memory and
Language, 55, 627-652. http://dx.doi.org/10.1016/j.jm1.2006.08.005

Chechlacz, M., Rotshtein, P., & Humphreys, G. W. (2014). Neuronal
substrates of Corsi block span: Lesion symptom mapping analyses in
relation to attentional competition and spatial bias. Neuropsychologia,
64, 240-251. http://dx.doi.org/10.1016/j.neuropsychologia.2014.09.038

Chochon, F., Cohen, L., van de Moortele, P. F., & Dehaene, S. (1999).
Differential contributions of the left and right inferior parietal lobules to
number processing. Journal of Cognitive Neuroscience, 11, 617-630.
http://dx.doi.org/10.1162/089892999563689

Corbetta, M., & Shulman, G. L. (2011). Spatial neglect and attention
networks. Annual Review of Neuroscience, 34, 569-599. http://dx.doi
.org/10.1146/annurev-neuro-061010-113731

Cumming, N., Page, M., & Norris, D. (2003). Testing a positional model
of the Hebb effect. Memory, 11, 43-63. http://dx.doi.org/10.1080/
741938175

Dehaene, S., Bossini, S., & Giraux, P. (1993). The mental representation of
parity and number magnitude. Journal of Experimental Psychology:
General, 122, 371-396. http://dx.doi.org/10.1037/0096-3445.122.3.371

Dienes, Z. (2011). Bayesian versus orthodox statistics: Which side are you
on? Perspectives on Psychological Science, 6, 274-290. http://dx.doi
.org/10.1177/1745691611406920


http://dx.doi.org/10.1371/journal.pone.0092049
http://dx.doi.org/10.1371/journal.pone.0092049
http://dx.doi.org/10.1523/JNEUROSCI.2110-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2110-07.2007
http://dx.doi.org/10.1037/0033-295X.114.3.539
http://dx.doi.org/10.1037/0033-295X.114.3.539
http://dx.doi.org/10.1037/0033-295X.107.1.127
http://dx.doi.org/10.1037/0033-295X.107.1.127
http://dx.doi.org/10.1037/0033-295X.106.3.551
http://dx.doi.org/10.1016/j.jml.2006.08.005
http://dx.doi.org/10.1016/j.neuropsychologia.2014.09.038
http://dx.doi.org/10.1162/089892999563689
http://dx.doi.org/10.1146/annurev-neuro-061010-113731
http://dx.doi.org/10.1146/annurev-neuro-061010-113731
http://dx.doi.org/10.1080/741938175
http://dx.doi.org/10.1080/741938175
http://dx.doi.org/10.1037/0096-3445.122.3.371
http://dx.doi.org/10.1177/1745691611406920
http://dx.doi.org/10.1177/1745691611406920

n or one of its allied publishers.

ghted by the American Psychological Associa

This document is copyri
This article is intended solely for the personal use of the individual user

is not to be disseminated broadly.

14 MAIJERUS AND OBERAUER

Dienes, Z. (2014). Using Bayes to get the most out of non-significant
results. Frontiers in Psychology: Quantitative Psychology and Measure-
ment, 5, 781. http://dx.doi.org/10.3389/fpsyg.2014.00781

Dienes, Z. (2016). How Bayes factors change scientific practice. Journal of
Mathematical Psychology, 72, 78—89. http://dx.doi.org/10.1016/j.jmp
.2015.10.003

Farrell, S., Hurlstone, M. J., & Lewandowsky, S. (2013). Sequential
dependencies in recall of sequences: Filling in the blanks. Memory &
Cognition, 41, 938-952. http://dx.doi.org/10.3758/s13421-013-0310-0

Fias, W., Lammertyn, J., Reynvoet, B., Dupont, P., & Orban, G. A. (2003).
Parietal representation of symbolic and nonsymbolic magnitude. Journal
of Cognitive Neuroscience, 15, 47-56. http://dx.doi.org/10.1162/
089892903321107819

Ginsburg, V., van Dijck, J. P., Previtali, P., Fias, W., & Gevers, W. (2014).
The impact of verbal working memory on number-space associations.
Journal of Experimental Psychology: Learning, Memory, and Cogni-
tion, 40, 976-986. http://dx.doi.org/10.1037/a0036378

Guida, A., Leroux, A., Lavielle-Guida, M., & Noél, Y. (2016). A SPoARC
in the dark: Spatialization in verbal immediate memory. Cognitive
Science, 40, 2108-2121. http://dx.doi.org/10.1111/cogs.12316

Guida, A., Megreya, A. M., Lavielle-Guida, M., Noél, Y., Mathy, F., van
Dijck, J. P., & Abrahamse, E. (2018). Spatialization in working memory
is related to literacy and reading direction: Culture “literarily” directs our
thoughts. Cognition, 175, 96-100. http://dx.doi.org/10.1016/j.cognition
.2018.02.013

Hartley, T., Hurlstone, M. J., & Hitch, G. J. (2016). Effects of rhythm on
memory for spoken sequences: A model and tests of its stimulus-driven
mechanism. Cognitive Psychology, 87, 135-178. http://dx.doi.org/10
.1016/j.cogpsych.2016.05.001

Hebb, D. O. (1959). Intelligence, brain function and the theory of mind.
Brain: A Journal of Neurology, 82, 260-275. http://dx.doi.org/10.1093/
brain/82.2.260

Hebb, D. O. (1961). Distinctive features of learning in the higher animal.
In J. E. Delafresnaye (Ed.), Brain mechanisms and learning (pp. 37-46).
New York, NY: Oxford University Press.

Henson, R. N. A. (1998). Short-term memory for serial order: The start-end
model. Cognitive Psychology, 36, 73-137. http://dx.doi.org/10.1006/
cogp.1998.0685

Henson, R., Hartley, T., Burgess, N., Hitch, G., & Flude, B. (2003).
Selective interference with verbal short-term memory for serial order
information: A new paradigm and tests of a timing-signal hypothesis.
Quarterly Journal of Experimental Psychology, 56, 1307-1334. http://
dx.doi.org/10.1080/02724980244000747

Henson, R. N. A., Norris, D., Page, M. P. A., & Baddeley, A. (1996).
Unchained memory: Error patterns rule out chaining models of imme-
diate serial recall. Quarterly Journal of Experimental Psychology, 49A,
80-115. http://dx.doi.org/10.1080/713755612

Hubbard, E. M., Piazza, M., Pinel, P., & Dehaene, S. (2005). Interactions
between number and space in parietal cortex. Nature Reviews Neuro-
science, 6, 435-448. http://dx.doi.org/10.1038/nrn1684

Hurlstone, M. J., Hitch, G. J., & Baddeley, A. D. (2014). Memory for serial
order across domains: An overview of the literature and directions for
future research. Psychological Bulletin, 140, 339-373. http://dx.doi.org/
10.1037/a0034221

Jeffreys, H. (1961). The theory of probability. New York, NY: Oxford
University Press.

Kahana, M. J., Mollison, M. V., & Addis, K. M. (2010). Positional cues in
serial learning: The spin-list technique. Memory & Cognition, 38, 92—
101. http://dx.doi.org/10.3758/MC.38.1.92

Lashley, K. (1951). The problem of serial order in behavior. In L. Jeffress
(Ed.), Cerebral mechanisms in behavior (pp. 112—-136). New York, NY:
Wiley.

Lee, M. D., & Wagenmakers, E.-J. (2013). Bayesian cognitive modeling: A
practical course. New York, NY: Cambridge University Press. http://
dx.doi.org/10.1017/CB0O9781139087759

Lewandowsky, S., & Farrell, S. (2008). Phonological similarity in serial
recall: Constraints on theories of memory. Journal of Memory and
Language, 58, 429—-448. http://dx.doi.org/10.1016/j.jm1.2007.01.005

Majerus, S. (2019). Verbal working memory and the phonological buffer:
The question of serial order. Cortex, 112, 122-133.

Majerus, S., & Attout, L. (2018). Working memory for serial order and
numerical cognition: What kind of association? In A. Henik & W. Fias
(Eds.), Heterogeneity of function in numerical cognition (pp. 409—-403).
London, UK: Elsevier. http://dx.doi.org/10.1016/B978-0-12-811529-9
.00019-4

Majerus, S., D’Argembeau, A., Martinez Perez, T., Belayachi, S., Van der
Linden, M., Collette, F., . . . Maquet, P. (2010). The commonality of
neural networks for verbal and visual short-term memory. Journal of
Cognitive Neuroscience, 22, 2570-2593. http://dx.doi.org/10.1162/jocn
.2009.21378

Majerus, S., Martinez Perez, T., & Oberauer, K. (2012). Two distinct
origins of long-term learning effects in verbal short-term memory.
Journal of Memory and Language, 66, 38—-51. http://dx.doi.org/10.1016/
jjml.2011.07.006

Majerus, S., Poncelet, M., Van der Linden, M., Albouy, G., Salmon, E.,
Sterpenich, V., . .. Maquet, P. (2006). The left intraparietal sulcus and
verbal short-term memory: Focus of attention or serial order? Neurolm-
age, 32, 880—891. http://dx.doi.org/10.1016/j.neuroimage.2006.03.048

Majerus, S., Van der Linden, M., Mulder, L., Meulemans, T., & Peters, F.
(2004). Verbal short-term memory reflects the sublexical organization of
the phonological language network: Evidence from an incidental pho-
notactic learning paradigm. Journal of Memory and Language, 51,
297-306. http://dx.doi.org/10.1016/j.jm1.2004.05.002

Marshuetz, C., Reuter-Lorenz, P. A., Smith, E. E., Jonides, J., & Noll, D. C.
(2006). Working memory for order and the parietal cortex: An event-related
functional magnetic resonance imaging study. Neuroscience, 139, 311-316.
http://dx.doi.org/10.1016/j.neuroscience.2005.04.071

Marshuetz, C., Smith, E. E., Jonides, J., DeGutis, J., & Chenevert, T. L.
(2000). Order information in working memory: FMRI evidence for
parietal and prefrontal mechanisms. Journal of Cognitive Neuroscience,
12, 130-144. http://dx.doi.org/10.1162/08989290051137459

Nakayama, M., & Saito, S. (2017). Position-element frequency learning is
dissociable from Hebb repetition learning. Journal of Memory and
Language, 94, 235-253. http://dx.doi.org/10.1016/j.jm1.2016.11.007

Oberauer, K., & Lin, H.-Y. (2017). An interference model of visual
working memory. Psychological Review, 124, 21-59. http://dx.doi.org/
10.1037/rev0000044

Osth, A. F., & Dennis, S. (2015). The fill-in effect in serial recall can be
obscured by omission errors. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 41, 1447-1455. http://dx.doi.org/10
.1037/xIm0000113

Page, M. P., & Norris, D. (2009). A model linking immediate serial recall,
the Hebb repetition effect and the learning of phonological word forms.
Philosophical Transactions of the Royal Society of London Series B,
Biological Sciences, 364, 3737-3753. http://dx.doi.org/10.1098/rstb
.2009.0173

Pattamadilok, C., Lafontaine, H., Morais, J., & Kolinsky, R. (2010).
Auditory word serial recall benefits from orthographic dissimilarity.
Language and Speech, 53, 321-341. http://dx.doi.org/10.1177/
0023830910371450

Pinel, P., Dehaene, S., Riviere, D., & LeBihan, D. (2001). Modulation of
parietal activation by semantic distance in a number comparison task.
Neurolmage, 14, 1013-1026. http://dx.doi.org/10.1006/nimg.2001.0913

Rao, S. M., Mayer, A. R., & Harrington, D. L. (2001). The evolution of
brain activation during temporal processing. Nature Neuroscience, 4,
317-323. http://dx.doi.org/10.1038/85191


http://dx.doi.org/10.3389/fpsyg.2014.00781
http://dx.doi.org/10.1016/j.jmp.2015.10.003
http://dx.doi.org/10.1016/j.jmp.2015.10.003
http://dx.doi.org/10.3758/s13421-013-0310-0
http://dx.doi.org/10.1162/089892903321107819
http://dx.doi.org/10.1162/089892903321107819
http://dx.doi.org/10.1037/a0036378
http://dx.doi.org/10.1111/cogs.12316
http://dx.doi.org/10.1016/j.cognition.2018.02.013
http://dx.doi.org/10.1016/j.cognition.2018.02.013
http://dx.doi.org/10.1016/j.cogpsych.2016.05.001
http://dx.doi.org/10.1016/j.cogpsych.2016.05.001
http://dx.doi.org/10.1093/brain/82.2.260
http://dx.doi.org/10.1093/brain/82.2.260
http://dx.doi.org/10.1006/cogp.1998.0685
http://dx.doi.org/10.1006/cogp.1998.0685
http://dx.doi.org/10.1080/02724980244000747
http://dx.doi.org/10.1080/02724980244000747
http://dx.doi.org/10.1080/713755612
http://dx.doi.org/10.1038/nrn1684
http://dx.doi.org/10.1037/a0034221
http://dx.doi.org/10.1037/a0034221
http://dx.doi.org/10.3758/MC.38.1.92
http://dx.doi.org/10.1017/CBO9781139087759
http://dx.doi.org/10.1017/CBO9781139087759
http://dx.doi.org/10.1016/j.jml.2007.01.005
http://dx.doi.org/10.1016/B978-0-12-811529-9.00019-4
http://dx.doi.org/10.1016/B978-0-12-811529-9.00019-4
http://dx.doi.org/10.1162/jocn.2009.21378
http://dx.doi.org/10.1162/jocn.2009.21378
http://dx.doi.org/10.1016/j.jml.2011.07.006
http://dx.doi.org/10.1016/j.jml.2011.07.006
http://dx.doi.org/10.1016/j.neuroimage.2006.03.048
http://dx.doi.org/10.1016/j.jml.2004.05.002
http://dx.doi.org/10.1016/j.neuroscience.2005.04.071
http://dx.doi.org/10.1162/08989290051137459
http://dx.doi.org/10.1016/j.jml.2016.11.007
http://dx.doi.org/10.1037/rev0000044
http://dx.doi.org/10.1037/rev0000044
http://dx.doi.org/10.1037/xlm0000113
http://dx.doi.org/10.1037/xlm0000113
http://dx.doi.org/10.1098/rstb.2009.0173
http://dx.doi.org/10.1098/rstb.2009.0173
http://dx.doi.org/10.1177/0023830910371450
http://dx.doi.org/10.1177/0023830910371450
http://dx.doi.org/10.1006/nimg.2001.0913
http://dx.doi.org/10.1038/85191

SERIAL ORDER WM 15

Schonbrodt, F. D. (2016). BFDA: Bayes factor design analysis package
for R. Retrieved from https://github.com/nicebread/BFDA

Schonbrodt, F. D., & Wagenmakers, E.-J. (2018). Bayes factor design
analysis: Planning for compelling evidence. Psychonomic Bulletin &
Review, 25, 128—142. http://dx.doi.org/10.3758/s13423-017-1230-y

van Dijck, J. P., Abrahamse, E. L., Majerus, S., & Fias, W. (2013). Spatial
attention interacts with serial-order retrieval from verbal working mem-
ory. Psychological Science, 24, 1854—1859. http://dx.doi.org/10.1177/
0956797613479610

van Dijck, J.-P., & Fias, W. (2011). A working memory account for
spatial-numerical associations. Cognition, 119, 114-119. http://dx.doi
.org/10.1016/j.cognition.2010.12.013

Wagenmakers, E.-J. (2007). A practical solution to the pervasive problems
of p values. Psychonomic Bulletin & Review, 14, 779—804. http://dx.doi
.org/10.3758/BF03194105

Wagenmakers, E.-J., Lee, M. D., Lodewyckx, T., & Iverson, G. J. (2008).

Bayesian versus frequentist inference. In H. Hoijtink, I. Klugkist, &
P. A. Boelen (Eds.), Bayesian evaluation of informative hypotheses (pp.
181-207). New York, NY: Springer. http://dx.doi.org/10.1007/978-0-
387-09612-4_9

Wagenmakers, E.-J., Love, J., Marsman, M., Jamil, T., Ly, A., Verhagen,
J., ... Morey, R. D. (2018). Bayesian inference for psychology. Part II:
Example applications with JASP. Psychonomic Bulletin & Review, 25,
58-76.

Wagenmakers, E.-J., Verhagen, J., Ly, A., Bakker, M., Lee, M. D., Matzke,
D., . . . Morey, R. D. (2015). A power fallacy. Behavior Research
Methods, 47, 913-917. http://dx.doi.org/10.3758/s13428-014-0517-4

Zhang, Q., Li, S., Wang, X., & Che, X. (2016). The effects of direction
similarity in visual working memory: Behavioural and event-related
potential studies. Quarterly Journal of Experimental Psychology: Hu-
man Experimental Psychology, 69, 1812-1830. http://dx.doi.org/10
.1080/17470218.2015.1100206

Appendix A

Characteristics of the Word Stimuli Used in Experiments 1-3
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- Number Lex. Color association Lex. Lex. Random Lex.
= association lists N Let.  Freq. control lists N Let.  Freq.  Novel control lists N Let.  Freq.  control lists N Let.  Freq.
g 2 chemin 6 231.42 jardin 6 185.81 église 6 145.07 hotel 5 158.92
,E = journal 7 110.80 livre 5 286.49 papier 6 120.51 étang 5 15.47
= 3 soleil 6 334.39 averse 6 11.96 cuillere 8 11.89 photo 5 94.59
-':iu > camion 6 50.74 voiture 7 283.11 chambre 7 413.31 vélo 4 28.45
S E assiette 8 56.62 couteau 7 52.64 forét 5 113.31 cahier 6 31.55
;—j Q balcon 6 40.41 fenétre 7 280.20 tracteur 8 6.82 cheval 6 179.26
I = oiseau 6 113.04 serpent 7 21.08 métro 5 18.17 biscuit 7 11.55
. i salade 6 24.26 tomate 6 13.31 palais 6 29.55 visage 6 565.00
s Z avion 5 78.04 bateau 6 82.36 oignon 6 15.54 fromage 7 26.96
; = garage 6 24.12 piscine 7 17.09 poisson 7 81.51 poignet 7 42.84
= 5 plombier 8 3.99 libraire 8 5.34 salon 5 39.24 terrain 7 74.73
© ; tableau 7 90.00 miroir 6 63.99 ouvrier 7 51.35 docteur 7 87.36
5 o genoux 6 127.91 oreille 7 194.12 endroit 7 137.57 couloir 7 104.53
&5 travail 7 263.45 bureau 6 150.07 menton 6 60.00 toiture 7 7.57
B8 M 6.43 110.66 6.50 117.68 6.35 88.85 6.14 102.06
E* :j Note. N Let. = number of letters; Lex. Freq.= lemma frequency according to the Lexique database (www.lexique.org)
g f Appendix B
g ) )
S Stimulus Lists
E
a 1 2 3 4 5 6 7 Condition
Experiments 1-3
chemin soleil assiette oiseau avion plombier travail NP-congruent
journal camion balcon salade garage tableau genoux NP-congruent
chemin soleil assiette salade garage tableau genoux NP-congruent
journal camion balcon oiseau avion plombier travail NP-congruent
chemin camion balcon oiseau avion plombier genoux NP-congruent
journal soleil balcon salade avion tableau travail NP-congruent

(Appendices continue)


https://github.com/nicebread/BFDA
http://dx.doi.org/10.3758/s13423-017-1230-y
http://dx.doi.org/10.1177/0956797613479610
http://dx.doi.org/10.1177/0956797613479610
http://dx.doi.org/10.1016/j.cognition.2010.12.013
http://dx.doi.org/10.1016/j.cognition.2010.12.013
http://dx.doi.org/10.3758/BF03194105
http://dx.doi.org/10.3758/BF03194105
http://dx.doi.org/10.1007/978-0-387-09612-4_9
http://dx.doi.org/10.1007/978-0-387-09612-4_9
http://dx.doi.org/10.3758/s13428-014-0517-4
http://dx.doi.org/10.1080/17470218.2015.1100206
http://dx.doi.org/10.1080/17470218.2015.1100206
http://www.lexique.org

publishers.

yrighted by the American Psychological Association or one of its allied

This document is cop

This ar

>
b=
i<
S
=
QL
2

user and is not to be dissen

=]
>
=]
9}
—
o
9}
12
=]
15}
o
)
=}
el
=
>
[3}
2
=
[}
=]
2
2
5}
o

16

Appendix B (continued)

MAIJERUS AND OBERAUER

1 2 3 4 5 6 7 Condition
chemin soleil balcon salade garage tableau genoux NP-congruent
journal camion assiette oiseau avion plombier travail NP-congruent
chemin soleil assiette oiseau garage tableau genoux NP-congruent
journal camion balcon salade avion plombier travail NP-congruent
chemin camion assiette salade avion tableau travail NP-congruent
journal soleil balcon oiseau garage plombier genoux NP-congruent
chemin soleil balcon oiseau garage plombier genoux NP-congruent
journal camion assiette salade avion tableau travail NP-congruent
chemin camion balcon oiseau avion tableau travail NP-congruent
journal soleil assiette salade garage plombier genoux NP-congruent
chemin camion balcon salade avion plombier travail NP-congruent
journal soleil assiette oiseau garage tableau genoux NP-congruent
journal camion balcon salade garage plombier travail NP-congruent
chemin soleil balcon oiseau avion plombier genoux NP-congruent
oiseau avion plombier travail chemin soleil assiette NP-incongruent
salade garage tableau genoux journal camion balcon NP-incongruent
oiseau avion plombier genoux journal camion balcon NP-incongruent
salade garage tableau travail chemin soleil assiette NP-incongruent
oiseau garage tableau travail chemin soleil balcon NP-incongruent
salade avion tableau genoux chemin camion assiette NP-incongruent
oiseau avion tableau genoux journal camion balcon NP-incongruent
salade garage plombier travail chemin soleil assiette NP-incongruent
oiseau avion plombier travail journal camion balcon NP-incongruent
salade garage tableau genoux chemin soleil assiette NP-incongruent
oiseau garage plombier genoux chemin camion assiette NP-incongruent
salade avion tableau travail journal soleil balcon NP-incongruent
oiseau avion tableau travail journal soleil balcon NP-incongruent
salade garage plombier genoux chemin camion assiette NP-incongruent
oiseau garage tableau travail chemin camion assiette NP-incongruent
salade avion plombier genoux journal soleil balcon NP-incongruent
oiseau garage tableau genoux chemin soleil assiette NP-incongruent
salade avion plombier travail journal camion balcon NP-incongruent
salade garage tableau genoux journal soleil assiette NP-incongruent
oiseau avion tableau travail chemin soleil balcon NP-incongruent
jardin averse couteau serpent bateau libraire bureau Color control
livre voiture fenétre tomate piscine miroir oreille Color control
jardin averse couteau tomate piscine miroir oreille Color control
livre voiture fenétre serpent bateau libraire bureau Color control
jardin voiture fenétre serpent bateau libraire oreille Color control
livre averse fenétre tomate bateau miroir bureau Color control
jardin averse fenétre tomate piscine miroir oreille Color control
livre voiture couteau serpent bateau libraire bureau Color control
jardin averse couteau serpent piscine miroir oreille Color control
livre voiture fenétre tomate bateau libraire bureau Color control
jardin voiture couteau tomate bateau miroir bureau Color control
livre averse fenétre serpent piscine libraire oreille Color control
jardin averse fenétre serpent piscine libraire oreille Color control
livre voiture couteau tomate bateau miroir bureau Color control
jardin voiture fenétre serpent bateau miroir bureau Color control
livre averse couteau tomate piscine libraire oreille Color control
jardin voiture fenétre tomate bateau libraire bureau Color control
livre averse couteau serpent piscine miroir oreille Color control
livre voiture fenétre tomate piscine libraire bureau Color control
jardin averse fenétre serpent bateau libraire oreille Color control
église forét cuillere poisson métro ouvrier endroit Novel control
papier tracteur chambre oignon palais salon menton Novel control
église forét cuillere oignon palais salon menton Novel control
papier tracteur chambre poisson métro ouvrier endroit Novel control
église tracteur chambre poisson métro ouvrier menton Novel control
papier forét chambre oignon métro salon endroit Novel control
église forét chambre oignon palais salon menton Novel control
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Appendix B (continued)

1 2 3 4 5 6 7 Condition
papier tracteur cuillere poisson métro ouvrier endroit Novel control
église forét cuillere poisson palais salon menton Novel control
papier tracteur chambre oignon métro ouvrier endroit Novel control
église tracteur cuillere oignon métro salon endroit Novel control
papier forét chambre poisson palais ouvrier menton Novel control
église forét chambre poisson palais ouvrier menton Novel control
papier tracteur cuillere oignon métro salon endroit Novel control
église tracteur chambre poisson métro salon endroit Novel control
papier forét cuillere oignon palais ouvrier menton Novel control
église tracteur chambre oignon métro ouvrier endroit Novel control
papier forét cuillere poisson palais salon menton Novel control
papier tracteur chambre oignon palais ouvrier endroit Novel control
église forét chambre poisson métro ouvrier menton Novel control

Experiment 4 only

hotel couloir docteur cahier terrain toiture visage Random control
fromage vélo poignet docteur cahier photo couloir Random control
toiture étang couloir vélo cheval terrain cahier Random control
terrain étang vélo biscuit couloir visage poignet Random control
cheval biscuit poignet photo cahier toiture docteur Random control
fromage hotel étang docteur couloir poignet biscuit Random control
docteur terrain fromage visage cheval étang hotel Random control
vélo toiture biscuit couloir photo hotel docteur Random control
photo toiture cheval biscuit docteur couloir fromage Random control
docteur vélo cahier étang fromage hotel toiture Random control
toiture poignet cahier docteur visage étang vélo Random control
poignet fromage docteur hotel cheval terrain visage Random control
terrain couloir visage poignet étang cahier photo Random control
couloir fromage toiture étang cheval biscuit cahier Random control
hotel cahier photo étang vélo visage cheval Random control
étang cheval vélo toiture docteur poignet terrain Random control
photo poignet couloir cheval terrain fromage hotel Random control
toiture photo poignet fromage visage cheval docteur Random control
couloir visage photo hotel biscuit poignet terrain Random control
docteur cheval toiture visage étang biscuit couloir Random control

Note. NP = number—position.

Received November 9, 2018
Revision received October 4, 2019
Accepted October 4, 2019 ®



	Working Memory and Serial Order: Evidence Against Numerical Order Codes but for Item–Posi ...
	This Study
	Experiment 1
	Method
	Participants
	Materials
	Procedure
	Statistical analysis

	Results and Discussion

	Experiment 2
	Method
	Participants
	Material and procedure

	Results and Discussion

	Experiment 3
	Method
	Participants
	Material
	Procedure

	Results and Discussion

	General Discussion
	Limited Evidence for a Numerical Account of Serial-Order Working Memory
	Evidence for Item–Position Learning: Theoretical Implications
	Conclusion

	References
	Appendix ACharacteristics of the Word Stimuli Used in Experiments 1–3
	Appendix BStimulus Lists


