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Abstract

A large body of research demonstrates robust interactions between verbal working memory (WM) and phonological and
lexico-semantic language knowledge, particularly for item recall. The role of syntactic knowledge, involving knowledge
about word positioning in a verbal sequence, has been explored to a lesser extent but is of theoretical interest given that this
type of knowledge may also support serial order recall in multi-item sequences. This hypothesis has not been supported
so far, either by French or German language studies. The present research reexamines the impact of syntactic knowledge
on WM for lists of adjective—noun pairs by controlling for short-term syntactic predictability of memoranda. Contrary to
previous studies, across two experiments involving French and German, we observed enhanced order recall accuracy for
adjective—noun pairs presented in legal syntactic order, as well as more order migration errors for pairs in illegal syntactic
order. This study is the first to demonstrate that long-term syntactic structures do support recall of serial order information

in WM, consistent with hybrid and full linguistic accounts of verbal WM.
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Introduction

There is increasing consensus that verbal working memory
(WM) interacts with long-term language representations
(Baddeley, 2000; Cowan, 1999). Numerous studies have
demonstrated that verbal WM performance is enhanced
for word lists compared with nonword lists, a phenomenon
known as the lexicality effect in verbal WM (Brener, 1940;
Gathercole et al., 2001; Hulme et al., 1991, 1995; Kowial-
iewski & Majerus, 2018; Majerus & Van der Linden, 2003;
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Patterson et al., 1994; Saint-aubin & Poirier, 2000). Further-
more, recall performance improves for words with richer or
more accessible lexical and semantic representations, such
as high-frequency words versus low-frequency words (Gregg
et al., 1989; Hulme et al., 1997; Kowialiewski & Majerus,
2018; Poirier & Saint-Aubin, 1996; Roodenrys et al., 1994;
Watkins & Watkins, 1977) or concrete words versus abstract
words (Bourassa & Besner, 1994; Hulme et al., 1997, 2003;
Kowialiewski & Majerus, 2018; Majerus & Van der Linden,
2003; Walker & Hulme, 1999). These findings underscore
the robust interactions between verbal WM and language
knowledge, particularly regarding item memory at phono-
logical and lexico-semantic levels. They have led to models
assuming that verbal WM is determined by access to lan-
guage knowledge at least for item-level aspects (encoding,
retrieval, and/or completion of a word within a list of words
to be memorized; e.g., Baddeley et al., 2017; Burgess &
Hitch, 1999, 2006; Cowan, 1999; Gupta & MacWhinney,
1997; Majerus, 2013). Other theoretical accounts consider
that linguistic knowledge should support both item and
sequence-level representation of information in WM (e.g.,
Acheson & MacDonald, 2009; Majerus, 2019; Martin et al.,
1994; Schwering & MacDonald, 2020). The present study
focuses on the potential impact of syntactic knowledge on
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verbal WM. This type of knowledge is of particular interest
given that it concerns the serial positioning of words within
a sentence, and hence, according to linguistic accounts
of verbal WM, should also support recall of serial order
information in verbal WM (Perham et al., 2009; Querella &
Majerus, 2024; Schweppe et al., 2022).

Regarding the distinction between item and serial order
aspects in WM, a significant number of studies have revealed
dissociations between these two aspects. Most empirical
studies have shown that phonological and lexical-semantic
knowledge support item recall, but not order recall (Gath-
ercole et al., 2001; Hulme et al., 1991, 1997; Majerus &
D’Argembeau, 2011; Nairne & Kelley, 2004; Poirier &
Saint-Aubin, 1996; Saint-aubin & Poirier, 1999, 2000;
Walker & Hulme, 1999). This is also supported by neu-
ropsychological studies revealing the possibility of selec-
tive item versus serial order impairment, with item WM
impairment often being linked to language deficits (Maje-
rus, 2008; Majerus et al., 2015). For example, patients with
semantic impairment may show poor item recall in word
serial recall tasks, while serial order recall remains intact
(Majerus et al., 2007). Additionally, neuroimaging studies
comparing item and order recall tasks have found that WM
for serial order recruits specific fronto-parietal networks,
including the intraparietal sulcus, while item recall tasks
engage fronto-temporal networks involved in linguistic pro-
cessing, including the supramarginal gyrus (Henson et al.,
2000; Majerus et al., 2006, 2010; Marshuetz et al., 2000,
2006). These studies suggest that encoding and retention of
item information in WM engage access to phonological and
semantic aspects of words, while encoding and retention of
serial order information involve a more specific mechanism,
whose nature still remains to be determined (Hartley et al.,
2016; Majerus, 2019).

While semantic information is generally considered to
exert a stronger influence on item memory than on serial
order memory, a growing body of evidence suggests that
semantic processing can nonetheless interact with serial
order representations, albeit in a complex manner (Guérard
& Saint-Aubin, 2012; Murdock, 1976; Neale & Tehan, 2007;
Saint-aubin & Poirier, 1999). For instance, Saint-Aubin et al.
(2005) reported that semantic relatedness impaired serial
order memory, even when the number of recalled items
was equated across semantically related and unrelated lists.
Similar effects were observed by Tse (2009) and Tse et al.
(2011), who demonstrated that both categorical and associa-
tive forms of semantic relatedness disrupt order memory,
independent of item recall performance. These findings align
with the hypothesis that semantic proximity among items
increases the likelihood of order errors, such as item migra-
tions (Poirier et al., 2015; Saint-Aubin et al., 2023). Consist-
ent with this view, Guitard et al. (2025) recently showed that
participants produced more conditional order errors when
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recalling semantically related lists compared with unrelated
lists, further supporting the notion that semantic relatedness
exerts a destabilizing effect on serial order representations.
Other studies have observed opposite findings, by observing
improved serial order recall for semantically related versus
unrelated word lists, but only when the similar items were
presented in a grouped manner (Kowialiewski et al., 2024).

Less ambiguous evidence in favor of the supporting influ-
ence of language knowledge on memory for serial order may
be obtained when considering syntactic aspects of language
knowledge. Syntactic knowledge, which governs the order
of words in a sentence, should be most strongly expected to
exert an impact on the retention of serial order information
in verbal WM tasks. Basic syntactic knowledge structures
(such as the rule that a verb is generally followed by a noun,
or a noun is generally followed by an adjective in a large
range of languages; Bock, 1995; Garrett, 1980) constrain
the possible positions of words within a sentence. These
positional rules should also be expected to support WM for
verbal sequences. The impact of syntactic knowledge on
serial order memory has not yet been extensively explored.
Some evidence comes from studies that have investigated
the sentence superiority effect (SSE; e.g., Bonhage et al.,
2014; Scheerer, 1981). These studies showed that regu-
lar sentences are recalled more accurately than scrambled
word lists (Allen et al., 2018; Baddeley et al., 2009; Brener,
1940; Cattell, 1886; Jefferies et al., 2004; T. Jones & Farrell,
2018; Marks & Miller, 1964; Miller & Isard, 1963; Miller &
Selfridge, 1950; Poirier & Saint-Aubin, 1996; Savill et al.,
2015, 2018). This pattern of findings can be accounted for
within the conceptual regeneration hypothesis (Potter &
Lombardi, 1990, 1998), according to which sentence recall
is based on a conceptual representation of the sentence that
is generated while processing the to-be-recalled sentence.
At recall, this conceptual representation is regenerated, and
lexical and syntactic priming of words and syntactic struc-
tures presented in the sentence are particularly available
when regenerating the sentence. Based on this, lexical and
syntactic representations in long-term memory are key to the
immediate recall of sentences. However, although Potter and
Lombardi (1998; see also Lombardi & Potter, 1992) already
emphasize the importance of syntactic structure for ordering
words in sentence recall, their studies do not focus on order
memory. Another framework that can account for the sen-
tence superiority effect is the Construction-Integration (CI)
model of discourse comprehension (Kintsch, 1988), which
highlights the dynamic interplay between working memory,
prior knowledge, and textual input in the construction of
meaning. According to this model, sentence processing
involves the initial extraction of multiple levels of linguistic
information—phonological, lexical, semantic, and syntac-
tic—which are used to construct a preliminary mental rep-
resentation. This representation is subsequently integrated
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with relevant long-term knowledge structures, enabling the
formation of a coherent and contextually grounded mental
model. In the context of immediate serial recall tasks, such
integrative processes may facilitate both the comprehension
and recall of verbal sequences by enriching item representa-
tions and establishing associative links that support retrieval.
The results of these studies and associated models are, how-
ever, difficult to interpret in terms of a specific influence
of syntactic knowledge on serial order memory, given that
sentence recall not only involves access to syntactic struc-
tures but also involves semantic and conceptual knowledge.
More recently, T. Jones and Farrell (2018) demonstrated
that recall accuracy for verbal sequences is improved if they
conform to legal syntax, even for meaningless sequences.
Similar findings had already been observed (Perham et al.,
2009) for recall of lists for semantically unrelated adjec-
tive—noun pairs, the pairs occurring in either legal or illegal
syntactic order. However, both of these studies did not dis-
sociate the contribution of syntactic structure to item versus
serial order retention, as either no specific measure of item-
level working memory performance was included or only
overall serial recall performance was determined. Another
study by Schwering and MacDonald (2023) demonstrated
that specific lexico-semantic and syntactic constraints, such
as word context and part of speech, influence verbal WM,
particularly concerning item recall performance, with less
clear evidence for an impact on serial order recall.

So far, only two studies have aimed more directly at exam-
ining the impact of syntactic knowledge on item vs. order
memory. Schweppe and her colleagues (2022) presented
lists of syntactically legal (adjective before noun) or illegal
(noun before adjective) word pairs to German-speaking par-
ticipants for immediate serial recall and specifically deter-
mined item and order recall scores. While observing a robust
impact on item recall, they observed no impact on order
recall. A similar pattern was observed in a French language
study (Querella & Majerus, 2024). French has the specificity
of allowing for both adjective anteposition (i.e., adjective
before noun) and postposition (i.e., noun before adjective),
but the specific type of position is determined in a proba-
bilistic manner by the nature of the adjective. Despite these
more flexible syntactic rules, Querella and Majerus (2024)
still found no specific impact of adjective—noun syntactic
legality (') on order recall, the effects being restricted to
item recall. This impact of syntactic legality on item recall,
but not order recall, is surprising given that, by nature, syn-
tactic knowledge about the sequential organization of words

! When referring to French, we will append a “*’ symbol to the term
“legality” to acknowledge that French adjective—noun orderings can-
not be categorized as exclusively legal or illegal, but legality is deter-
mined in a probabilistic manner.

should impact memory for serial order. However, the man-
ner in which the lists were constructed in these two studies
(as well as in the study by Perham et al., 2009) might have
contributed to this pattern of results. More specifically, for a
given list, all pairs were either presented in adjective—noun
order or noun—adjective order, and hence the ordering of
adjectives and nouns became predictable. This is likely to
have allowed for the creation of temporary syntactic frames
during the syntactic parsing process of list encoding, which
may have constrained the order in which the adjectives and
nouns were output, irrespective of the syntactic legality of
the sequences, hiding the potential impact of long-term syn-
tactic knowledge about adjective—noun output order.

The present study reexamines the impact of syntactic
knowledge about adjective—noun order on verbal WM per-
formance by using lists mixing adjective anteposition and
postposition. This should prevent the build-up of short-term
syntactic predictability rules during list encoding and allow
for a specific assessment of the impact of long-term syn-
tactic knowledge on order recall for lists of adjective—noun
pairs. Experiment 1 tested this hypothesis for adjective—noun
pairs in French, which allows for a full crossing of adjec-
tive—noun position (anteposition vs. postposition) with syn-
tactic legality”. Experiment 2 used a cross-language design
by adapting the lists used in Experiment 1 for an administra-
tion in both French and German.

Experiment 1

Experiment 1 was conducted in French and was based on
a 2x?2 within-subject design with the factors, syntactic
legality” (lists consisting of syntactically legal” pairs versus
lists consisting of syntactically illegal” pairs) and adjective
position (anteposition vs. postposition). Critically, a single
trial involved both postposition and anteposition pairs to
avoid the build-up of temporary syntactic predictability of
adjective position within a list. The key dependent variables
were serial recall scores, order recall scores, and within-pair
order migration errors. In addition, we recorded item recall
scores and omission errors.

Method
Transparency and openness

We reported how we determined our sample size, all data
exclusions, all manipulations, and all measures in the study.
The data and materials for all experiments are available
online (https://osf.io/kuj6h/?view_only=b5a91544211941c
3b7ff9e0cee455e76). The design, hypotheses, and analysis
plan for Experiment 1 were preregistered (https://osf.io/
x7sgk).
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Participants

Ninety-three participants (49 women, 44 men; average
age=21.39 years, SD =1.90) were recruited (see Scoring
and Analysis Procedure section for justification of sample
size) from the Université de Liege staff and student commu-
nity. All participants were native French speakers without
any history of language, learning, neurological, or psychiat-
ric disorder, and reported no current drug use (e.g., cannabis)
or alcohol abuse. Participants who were not monolingual or
spoke another language during half-time in their daily life
were not eligible for inclusion in this study. Seventy-six par-
ticipants were right-handed and seven were left-handed. One
participant was excluded because of misunderstanding the
task procedure. The study had been approved by the ethics
committee of the Faculty of Medicine of the University of
Liege. Participants were informed that no financial com-
pensation was provided. All participants have given their
informed consent to participate in the study before testing.

Materials

To select adjective—noun pairs and determine their syntac-
tic preference in terms of adjective position, 57 additional
young adults from the University of Liege community
were recruited for an online syntactic preference judgment
test (26 men and 31 women, 18 to 28 years old, average
age=21.84 years, SD=2.11). Participants were presented
with 130 French adjective and noun pairs with minimized
semantic plausibility: 36 pairs taken from Querella and
Majerus (2024) and 94 additional newly created pairs. For
each pair, the two possible orders (adjective before noun or
reverse) were displayed, one on each side of a switch bar.
Participants needed to slide the bar according to their pre-
ferred order. The switch bar was divided into a scale with
five different levels (1 =strongly prefer left pair, 2 =prefer
left pair, 3=no preference, 4 = prefer right pair, 5 =strongly
prefer right pair). To control for the effect of inflectional
morphology, all pairs involved masculine nouns that are not
inflected.

Based on the judgment results, we kept the 48 pairs that
showed the strongest judgment preference in either direc-
tion. We recoded the responses to mean 1 = strongly prefer-
ring postposition and 5 = strongly preferring anteposition.
Twenty-four pairs with preferred anteposition (mean prefer-
ence=4.24, SD=0.49, Minimum = 3.46, Maximum =4.83)
and 24 with preferred postposition (mean preference = 1.44,
SD=0.23, Minimum=1.21, Maximum = 1.93) were used
to create 16 lists containing each three adjective—noun pairs
and by mixing adjective anteposition and postposition in
each list. These lists were called the legal” lists. The 16
illegal” lists were created by simply reversing the order of
the noun and adjective within each pairing of the legal” lists.
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This procedure ensured that legal” and illegal” conditions
were matched for phonological similarity and the lexico-
semantic status of the words. In addition, the number of
syllables was kept constant at 11 syllables per list.

The material was recorded by a French-native female
speaker using a neutral voice. Each item was recorded
separately and then combined to form adjective—noun/
noun—adjective pairs. The full stimulus lists are presented in
Appendix Tables A7 and A8, the judgment results for each
pair are in Table A9, and the characteristics descriptions of
stimuli are in Table A10.

Procedure

The main experiment was conducted via OpenSesame soft-
ware (https://osdoc.cogsci.nl/4.0/). Subjects were pseudoran-
domly assigned to one of two presentation conditions (Con-
dition A: block of legal” lists followed by block of illegal”
lists; Condition B: block of illegal” lists followed by legal”
lists). The order of the lists in each block was the same for all
participants. They were tested individually in silent testing
rooms. Participants were instructed to carefully listen to each
list of six items, presenting the items in three pairs via the
specific timing of presentation, followed by immediate oral
serial recall, asking the participants to recall all the words,
from first to last word. If participants could not remember
a word at a particular position of the list, they had to say
“oublié” (forgotten) for that position. Before the presentation
of the experimental lists, participants had to complete two
practice trials to ensure that they had correctly understood
the task instructions. In each trial, every word was presented
for 1,000 ms. The interstimulus interval was 350 ms between
nouns and adjectives in the same pair. Between each adjec-
tive—noun or noun—adjective pair, the interstimulus inter-
val was longer (1,000 ms) to clearly mark the boundaries
between the different pairs. By default, stimuli were pre-
sented via the speakers of the presentation PC. Headphones
were also available if preferred by participants. Experiment-
ers ensured that participants could clearly and comfortably
perceive the stimuli during practice trials. There was no time
limit for the participants to respond. The experiment lasted
about 20 min per participant. All responses were digitally
recorded for transcription and scoring.

Scoring and analysis procedure

Two standard recall accuracy scores were determined: serial
recall score (number of items correctly recalled in correct
serial position) and item recall score (number of items cor-
rectly recalled independently of serial position). A specific
order recall score was also computed by dividing the sum
of the serial recall score by the sum of the item recall score,
as preregistered.
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The following error types were identified: Within-pair
order migration errors (the adjective and noun for a specific
pair exchange their position) and omission errors (items for
which the participant said “oubli¢” [forgotten] or items not
recalled).

All analyses were conducted using a Bayesian statisti-
cal approach (see, e.g., Dienes, 2011; Morey & Rouder,
2011) according to our preregistration. This approach has
the advantage of relying on a model comparison rationale to
select and quantify the strength of evidence associated with
each model, and crucially, allows for testing the strength of
evidence for and against an effect of interest (i.e., positive
evidence for the null hypothesis). The Bayesian framework
does not involve traditional p values, thereby avoiding mul-
tiple testing problems such as alpha inflation (Wagenmakers
et al., 2008). All analyses are based on Bayes factors (BF),
which can be considered as a relative measure of statistical
evidence (Morey et al., 2016). The BF represents the degree
to which the observed data update the initial belief in favor
of one hypothesis relative to another. The BF' is the likeli-
hood ratio of a given model, the best-fitting model being the
one with the highest BF. BF,;; indicates evidence in favor of
the null hypothesis, while BF;, indicates evidence in favor
of the alternative hypothesis. Although there are no fixed
thresholds for BF values, we used the following categories
for describing strength of evidence: A BF of at least 1 is
considered to indicate anecdotal evidence, a BF of at least 3
is considered to indicate moderate evidence, a BF of at least
10 is considered to provide strong evidence, a BF of at least
30 is considered to provide very strong evidence, and a BF
of at least 100 is considered to indicate decisive evidence
(Jeffreys & Jeffreys, 1998).

The R platform and the brms package (Biirkner, 2017)
were used for running Bayesian generalized linear mixed
models. The dependent measures were the different scores
and error types as defined above. Fixed factors included
legality” (legal” vs. illegal”), adjective position (anteposition
vs. postposition), and their interaction. Serial position was
excluded from the analyses to reduce the model’s complex-
ity. The random intercept included the subject variable. To
determine the random slopes to be included in the model,
we first ran four models including the random intercept and
different random slopes combinations (none, legality”, adjec-
tive position, interaction of legality” and adjective position).
Random slopes were included in the subsequent models if
the BF value for a given model was larger than 3, relative to
the null model including only the intercept.

Sample size was monitored via a Bayesian sequential
sampling approach (Schonbrodt & Wagenmakers, 2018)
combined with an effect size stabilization procedure (Ander-
son et al., 2022). Previous work has demonstrated that rely-
ing on a fixed critical p value as the sole criterion for ter-
minating data collection can lead to inflation of the Type I

error rate, thereby compromising the validity of the resulting
p values. When Bayesian methods are employed, the use of
a threshold Bayes factor as a stopping rule has been shown
to bias the evidential value of the data due to the influence
of optional stopping. In contrast, adopting effect size stabi-
lization as a stopping criterion does not introduce such bias
and has been found to preserve the integrity of statistical
inference under both frequentist and Bayesian frameworks.
Beginning from the 20th participant, we computed, for each
additional participant, the effect sizes for the effect of inter-
est (syntactic legality’—signed Cohen’s d) and continued
sampling until the effect size, for both item and serial order
recall scores, stabilized (a priori defined minimal absolute
change of effect size <.05 over five consecutive analyses;
Anderson et al., 2022). The effect sizes of the item recall
score and serial recall score were both stable after the 35th
participant. In addition, in order to guarantee similar statis-
tical power between the present study and previous studies
by Schweppe and her colleagues (2022) and Querella and
Majerus (2024), which involved larger samples, we contin-
ued recruitment until reaching a comparable sample size.
Also note that Kowialiewski (2024) recently showed that
the effect size stabilization procedure does not guarantee the
detection of a true effect in the population if the stabilized
effect size is small.

Besides, for the display of the data in the figures, we pre-
sented the data as proportions. The proportion of item recall
scores and serial recall scores was determined by dividing
the number of correctly recalled items (or of the items
recalled in the correct serial position) by the total number of
items. The proportion of within-pair order migration errors
was calculated by dividing the number of within-pair order
migration errors by the total number of order errors (= dif-
ference between item and serial recall scores). Similarly, the
proportion of omission errors was obtained by dividing the
number of omission errors by the total number of item errors
(=difference between item recall score and total number of
items in the task).

Results
Serial recall score

A first Bayesian generalized linear mixed-model analy-
sis was run on the serial recall score. The best-fitting
model included only legality” (p=0.46, 95% CI [0.28,
0.64], BF,,=1.32 x 10* see Appendix Table A1). This
model was 3.76 times more likely than the model incor-
porating both legality” and adjective position (legality":
np2= 0.232; adjective position: npz =0.057; legality”
X adjective position: np2=0.013). This means that
serial recall scores were higher for syntactically legal”
pairs (mean=0.667, SD=0.159) than illegal” pairs
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(mean=0.603, SD=0.174), regardless of whether adjec-
tives were antepositional or postpositional (see Fig. 1 and
Appendix Table A2).

Item recall score

For item recall scores, the same type of analysis identified
the best-fitting and most parsimonious model as includ-
ing legality” as a fixed factor (8=0.18, 95% CI [0.09,
0.28], BF;,=87.46; see Appendix Table Al). Although
the model including legality” and adjective position is
1.40 times more likely than the model including only
legality”, the latter should be retained as the more parsi-
monious model (legality": np2 =0.109; adjective position:
npz =0.079; legality” x adjective position: np2:0.035).
The result means that item recall performance was higher
for syntactically legal” pairs (mean=0.780, SD=0.110)
than illegal” pairs (mean =0.755, SD =0.107), regardless
of whether adjectives were antepositional or postposi-
tional (see Fig. 1 and Appendix Table A2).

Order recall score

For the order recall score, given its derivational nature, a
Bayesian analysis of variance was conducted on subject-
averaged scores per experimental cell. The best model was
again including the effect of legality” (=0.38, 95% CI [0.23,
0.53], BF;,=1.18 x 10% see Appendix Table Al). This
model was 5.76 times more likely than the model including
both legality” and adjective position (legality: np2=0.242;
adjective position: npz =0.004; legality” X adjective position:
npz =0.006). That means order recall scores were higher for
syntactically legal” pairs (mean=0.848, SD=0.119) than
for illegal” pairs (mean=0.789, SD =0.154), independently
of adjective positions (see Fig. 1 and Appendix Table A2).

Within-pair order migration errors

Next, we analyzed error scores. Generalized linear mixed
analyses of within-pair order migration errors also supported
the best-fitting model as including only legality” (p= —0.57,
95% CI [-0.77,—0.37], BF ;,=8.75 % 10%; see Appendix
Table A1). This model was 3.00 more likely than the model
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Fig. 1 Accuracy of serial recall score, item recall score, and order recall score, as a function of legality.”, across Experiment 1 (French), Experi-

ment 2 A (French), and 2B (German)
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including both legality” and interaction of legality” and
adjective position (legality: npz =0.182; adjective position:
np2 =5.731 x 107 legality” x adjective position: np2 =1.672
x 107%). This result means that there were more order migra-
tion errors for syntactically illegal” pairs (mean=0.245,
SD=0.093) compared with legal” pairs (mean=0.161,
SD =0.096), independently of adjective position, indicating
that for illegal” pairs, adjectives and nouns more frequently
exchanged position to occupy their legal” position (see Fig. 2
and Appendix Table A2).

Omission errors

Finally, for omission errors, the best model included only
legality” (B= —0.23, 95% CI [-0.37,—0.10], BF,,=43.78;
see Appendix Table A1). This model was 7.08 times more
likely than the model including both legality” and adjec-
tive position (legality”: np2 =0.090; adjective position:
nP2 =0.004; legality” x adjective position: np2 =0.002). This
result means that more omission errors occurred for syntacti-
cally illegal” pairs (mean=0.190, SD =0.086) than for legal"
pairs (mean=0.158, SD =0.077), regardless of whether
adjectives were antepositional or postpositional (see Fig. 2
and Appendix Table A2).

Discussion

On the one hand, Experiment 1 replicated the results of
Querella and Majerus (2024) as well as those by Schweppe
and her colleagues (2022) by showing an impact of syntactic
legality” on the overall serial recall and item recall scores.
Critically, however, we also observed an effect of syntactic
legality” on order recall, with reduced order recall accuracy
for syntactic illegal” pairs accompanied by an increase in
order migration errors. For illegal” pairs, these errors cor-
respond to order regularization errors, where an adjective

or a noun in an illegal” position moves to a legal” position.
The present results thus show that, when the position of the
adjectives (relative to the nouns) cannot be easily predicted
based on temporary syntactic parsing of the list at encoding,
then long-term syntactic knowledge structures can be shown
to exert an impact on order recall. To determine the robust-
ness of these novel findings, we aimed to replicate these
results as well as to test their generality by extending them
to the German language, in which adjective—noun order is
deterministic rather than probabilistic.

Experiment 2

Experiment 2 aimed to replicate the impact of syntactic
legality on order recall in WM and to extend the findings
to the German language. Given that in German, only adjec-
tive anteposition is legal, mixing adjective anteposition and
postposition in the same list but still comparing entirely
legal and illegal lists is not possible. Therefore, reducing
order predictability based on adjective position is only pos-
sible by mixing legal and illegal pairs in the same list (as
adjective postposition will always be illegal in German). As
this change in itself may affect the findings, we also used
the same type of list setup for the replication study in the
French language. Experiment 2 was thus divided into two
subexperiments. Experiment 2 A aimed at replicating the
findings of Experiment 1 in the French language by using
an adapted list setup that could also be compared with a
German version of the task. Experiment 2B then aimed at
extending the findings to the German language. In order to
ensure maximal comparability between the two language
versions, we used for the French version only adjective post-
position stimuli as legal” stimulus pairs, given that adjective
postposition is more frequent than adjective anteposition and
thus has a status more similar to the adjective anteposition
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Fig.2 Proportion of within-pair order migration errors and omission errors, as a function of legality.”, across Experiment 1 (French), Experi-

ment 2 A (French), and 2B (German)
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pairs, which are the only legal type of pair in German. Both
experiments were based on one-factorial designs with the
within-subjects factor syntactic legality” (syntactically legal”
vs. syntactically illegal” pairs). We expected effects of syn-
tactic legality” on order recall in both languages.

Experiment 2A

Method

Transparency and openness We reported how we deter-
mined our sample size, all data exclusions, all manipula-
tions, and all measures in the study. The design, hypoth-
eses, and analysis plan for Experiment 2 were preregistered
(https://osf.i0/827t2).

Participants Eighty-four participants (43 women and 41
men) 18 to 30 years old (average age =21.6 years, SD=1.87)
were recruited (see Scoring and Analysis Procedure section
for justification of sample size) from the Université de Liege
by advertisements or social media. Seventy-nine of them
were right-handed and five were left-handed. The study
had been approved by the ethics committee of the Faculty
of Medicine of the University of Liege. Participants were
informed that no financial compensation was provided. All
participants have given their informed consent to participate
in the study before testing.

Materials The stimuli were selected from the stimulus
pool of Experiment 1, with the selection restricted to pre-
ferred postpositional adjective—noun pairs. Consistent with
Experiment 1, 16 lists, each containing three adjective—noun
pairs, were constructed while controlling for phonological
similarity (e.g., avoiding identical rhythmic patterns) and
minimizing potential compound formations within each list.
Additionally, the total number of syllables per list was con-
trolled at 11. In total, 48 syntactically preferred postposition
adjective—noun pairs (mean preference=1.61, SD=0.31,
range: 1.21-2.12) were used to generate the experimental
lists, 21 of which were the same pairs as in Experiment 1.
To introduce syntactic unpredictability, the order of one
or two adjective—noun pairs was reversed within each list
(e.g., 2 adj-n+ 1 n-adj or 1 adj-n +2 n-adj per list). We first
generated 16 lists (List 1) and then systematically reversed
the adjective—noun order within the same pairs to create the
corresponding set of lists (List 2). As in Experiment 1, 32
lists in total were presented.

Different from Experiment 1, all stimuli were presented
in written format on a computer screen to eliminate poten-
tial prosodic-related differences when comparing the French
and German subexperiments. The same timing and duration
parameters were used as for Experiment 1. Full stimulus

@ Springer

lists are provided in Appendix Tables A1l and A12, the
judgment results for each pair are in Table A13, and the
characteristics descriptions are in Table A14.

Procedure The procedure matched that in Experiment 1.
Subjects were pseudorandomly assigned to one of two pres-
entation conditions (Condition A: block of List 1 followed
by block of List 2; Condition B: block of List 2 followed by
block of List 1).

Scoring and analysis procedure Data scoring was
identical to Experiment 1, as preregistered. The statisti-
cal design was the following: fixed factors only included
legality” (legal” vs. illegal’), and the random-effect struc-
ture included random intercept of subjects, with or without
random slope of legality” by subject. The same two-step
Bayesian model comparison approach was used as in Experi-
ment 1. Likewise, sample size had been determined via a
Bayesian sequential sampling approach based on effect size
stabilization (Anderson et al., 2022). The effect sizes of the
item recall score and serial recall score were both stable after
the 35th participant. As in Experiment 1, a higher number
of participants was recruited to match the number of par-
ticipants in the studies by Querella and Majerus (2024), and
Schweppe and colleagues (2022).

Results

Serial recall score The first Bayesian generalized linear
mixed-model analysis on the serial recall scores indicated
that the best-fitting model included legality” (B=0.30, 95%
CI [0.17, 0.43]; see Appendix Table A3). This model was
1.86 x 10° times more likely than the model excluding
legality” (legality”: n,>=0.224). That means serial recall
performance was significantly better for syntactically legal”
pairs (mean=0.629, SD=0.016) compared with illegal”
pairs (mean=0.598, SD =0.146), the same as in Experiment
1 (see Fig. 1 and Appendix Table A4).

Item recall score For item recall scores, the factor legality”
was associated with evidence for its absence (BF,;=5.79;
nP2 =0.014; see Appendix Table A3). The result means that
item recall performance did not differ between syntactically
legal” pairs (mean=0.724, SD=0.120) and illegal” pairs
(mean=0.718, SD=0.117), in contrast to Experiment 1 (see
Fig. 1 and Appendix Table A4).

Order recall score For order recall scores, a Bayesian
analysis of variance showed that the best-fitting model
included legality” (B=0.28,95% CI [0.14, 0.41]; see Appen-
dix Table A3). This model was 5.60 x 107 times more likely
than the model excluding legality” (legality: np2:0.198).
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That means order recall performance was superior for syn-
tactically legal” pairs (mean=0.862, SD =0.094) compared
with illegal” pairs (mean=0.826, SD =0.109), consistent
with Experiment 1 (see Fig. 1 and Appendix Table A4).

Within-pair order migration errors Generalized lin-
ear mixed model analyses on within-pair order migration
errors demonstrated that the best-fitting model included
legality” (B=—0.33, 95% CI [—0.49, — 0.18]; see Appendix
Table A3). This model was 7.51 x 10? times more likely
than the model excluding legality” (legality": np2=0.135).
That means fewer order migration errors were observed for
syntactically legal” pairs (mean=0.356, SD=0.146) than
for illegal” pairs (mean=0.469, SD=0.162). Adjectives and
nouns in syntactically illegal” positions were inclined to be
recalled in their syntactically legal” positions, in line with
prior findings in Experiment 1 (see Fig. 2 and Appendix
Table A4).

Omission errors Finally, for omission errors, the fac-
tor legality” was associated with evidence for its absence
(BF,);=4.13; np2=0.024; see Appendix Table A3). The
result means that no impact of syntactic legality” was
observed for omission errors (mean=0.409, SD=0.070 vs.
mean=0.432, SD=0.068), consistent with the results for
item recall scores but different from Experiment 1 (see Fig. 2
and Appendix Table A4).

Experiment 2B

Method

Participants Fifty participants (30 women and 20 men)
aged from 20 to 31 (average age=22.8, SD=2.12) were
recruited (see Scoring and Analysis Procedure section for
justification of sample size) from the University of Pas-
sau. Forty-seven participants were right-handed and three
were left-handed. Participants received course credit for
their participation. Participants were treated in accordance
with APA ethical standards as well as the guidelines of the
German Research Foundation (DFG) and the German Psy-
chological Society (DGPs). As the study was nonmedical,
low-risk research, no explicit approval was required from the
responsible ethics committee at the University of Passau. All
participants gave their informed consent to participate in the
study before testing.

Materials and procedure The stimuli comprised 48 adjec-
tive—noun pairs. To align with the materials in Experiment
2A, only masculine nouns were used. To maintain maxi-
mal comparability with Experiment 2 A, the stimuli were
directly translated into German when the German noun was

also of masculine gender (e.g., “nervoser—Busch” translated
from “bus—nerveux” in French). In some cases, adjective—
noun pairs were recombined to minimize phonological simi-
larity within pairs and to equate list length. In addition, pairs
with masculine nouns from Schweppe et al. (2022) were
included. Unlike in French, the adjectives also needed to be
inflected with masculine nouns. This resulted in a slightly
longer list length than in Experiment 2A, with 13 or 14 syl-
lables per list (mean length=13.56 syllables). As in Experi-
ment 2 A, the order of one or two adjective—noun pairs was
reversed within each of the 16 lists (List 1). A corresponding
set of 16 lists (List 2) was created by systematically revers-
ing the adjective—noun order within each of the pairs, result-
ing in 32 lists in total. The complete set of stimulus lists is
provided in the Appendix (Tables A15 and A16), and the
characteristics descriptions of stimuli are in Table A17.

The procedure was the same as in Experiment 2A except
that the experiment was conducted via JsPsych (Version
6.3; de Leeuw et al., 2023) with the psychophysics plugin
(Kuroki, 2021).

Scoring and analysis procedure The data scoring and
analysis procedures were the same as in Experiment 2A.

Sample size had been determined via a Bayesian sequen-
tial sampling approach based on effect size stabilization
(Anderson et al., 2022). The effect sizes of the item recall
score and serial recall score were both stable after the 25th
participant. As in the other experiments, a higher number
of participants was recruited. Given the clear-cut results in
Experiments land 2A, recruitment, however, stopped at
around 50 in order to avoid unnecessary participant recruit-
ment and time investment.

Results

Serial recall score We first conducted a generalized linear
mixed model analysis on the serial recall scores. Results
showed that the best-fitting model included legality
(B=0.36, 95% CI [0.14, 0.59]; see Appendix Table AS).
This model was 27.26 times more likely than the model
excluding legality (legality: np2 =0.474). That means serial
recall performance was better for syntactically legal adjec-
tive—noun pairs (mean=0.519, SD=0.135) compared with
illegal pairs (mean=0.450, SD=0.146), consistent with
findings from Experiment 1 and Experiment 2A (see Fig. 1
and Appendix Table A6).

Item recall score Next, the same analysis was performed
on item recall scores. The best generalized mixed linear
model included legality (=0.17, 95% CI [0.09, 0.25]; see
Appendix Table A5). This model was 2.79 x 10? times more
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likely than the following model, excluding legality (legal-
ity: np2=0.303). The result means that there was supe-
rior item recall performance for syntactically legal pairs
(mean=0.615, SD=0.114) compared with illegal pairs
(mean=0.576, SD =0.113). Interestingly, while differing
from the results of Experiment 2A, this finding aligned with
Experiment 1 (see Fig. 1 and Appendix Table A6).

Order recall score For order recall scores, a Bayesian anal-
ysis of variance indicated the best-fitting model included
legality ($=0.39, 95% CI [0.16, 0.61]; see Appendix
Table AS). This model was 53.71 times more likely than the
model excluding legality (legality: np2 =0.220). That means
that order recall performance of adjectives and nouns was
better in syntactic legal order (mean=0.835, SD =0.090)
than in syntactic illegal order (mean=0.768, SD=0.140),
in line with Experiments 1 and 2A once again (see Fig. 1
and Appendix Table A6).

Within-pair order migration errors Moreover, gen-
eralized linear mixed-model analyses were conducted to
examine errors. Analyses of within-pair order migration
errors indicated that the best-fitting model included legal-
ity (B=—0.80, 95% CI [—1.36,—0.28]; see Appendix
Table AS). This model was 51.37 times more likely than the
model excluding legality (legality: np2 =0.038). That means
more within-pair order migration errors were observed
with adjectives and nouns in syntactically illegal order
(mean=0.271, SD=0.147) than legal order (mean=0.222,
SD=0.147), indicating a higher frequency of adjectives and
nouns in syntactically illegal order recalled at legal posi-
tions, consistent with Experiment 1 and 2A (see Fig. 2 and
Appendix Table A6).

Omission errors Finally, the generalized linear mixed
model analysis for omission errors identified the best-
fitting model as including legality (= —0.23, 95% CI
[-0.34,-0.12]; see Appendix Table AS5). This model was
2.99 x 10? times more likely than the model excluding legal-
ity (legality: np2 =0.290). This result means that more items
were forgotten when recalling syntactically illegal adjec-
tive—noun pairs (mean=0.353, SD=0.130) compared to
legal pairs (mean=0.299, SD=0.109), aligned with Experi-
ment 1, while contrasting to Experiment 2A (see Fig. 2 and
Appendix Table A6).

Discussion

In sum, in both Experiment 2A and 2B, we observed a clear
advantage for syntactically legal adjective—noun pairs over
illegal pairs on order recall performance. Furthermore, we
found the higher incidence of within-pair order migration
errors for syntactically illegal pairs, where an adjective or a
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noun in an illegal” position has a greater possibility to move
to a legal” position. One difference between Experiments
2A and 2B needs, however, to be noted. While in Experi-
ment 2B (as well as in Experiment 1) we also observed recall
performance differences on item recall and omission errors
between legal” and illegal” pairs, this was not the case in
Experiment 2A. This discrepancy may be explained by lan-
guage-specific syntactic constraints and the specific setup of
the lists in Experiment 2A. In French, as already mentioned,
adjective—noun order is more flexible, allowing for greater
variability in parsing and recall strategies, which may reduce
the impact of syntactically illegal pairs on recall perfor-
mance, particularly when only a subset of syntactic rules is
being manipulated as opposed to Experiment 1. This idea is
supported by an overall smaller difference between legal and
illegal conditions in Experiment 2 A for most of the scores,
relative to Experiment 1, as well as to Experiment 2B.

General discussion

The present study replicated but also critically extends
the experiments of Querella and Majerus (2024) and
Schweppe et al. (2022), while introducing a crucial meth-
odological modification: we intermixed adjective—noun
and noun-adjective pairs within the same list to prevent
the build-up of list-level temporary syntactic predictability
rules. This methodological modification was associated with
the observation of not only an impact of syntactic legality
on item recall, but also, crucially, on order recall and order
migration errors, in both French and German languages.
Traditional models of verbal WM, such as that of Bad-
deley and Hitch (1974), have suggested that serial order
information is maintained via phonological mechanisms
within a phonological store (Baddeley, 2000). However,
this perspective has been challenged as it does not fully
account for the complexity of serial order phenomena
(e.g., Hurlstone et al., 2014). Recent models of verbal
working memory increasingly consider the interaction
between lexico-semantic knowledge and working mem-
ory processes to explain serial recall. The Activated Net-
work (ANet) model (Poirier et al., 2015) proposes that
order information is supported by activation dynamics
within long-term semantic memory: when later items are
semantically related to earlier ones, their activation is
boosted, increasing the likelihood of early recall. Other
approaches have attempted to formalize the interface
between semantic and episodic memory through compu-
tational modeling. For example, Mewhort and colleagues
(2018) introduced a holographic memory model (Frank-
lin & Mewhort, 2015) that uses BEAGLE vectors (Bound
Encoding of the Aggregate Language Environment; Jones
et al., 2006; Jones & Mewhort, 2007) to capture semantic
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similarity and explain effects such as release from proac-
tive interference in immediate recall tasks. More recently,
Guitard et al. (2025) developed the Embedded Computa-
tional Framework of Memory (eCFM), which combines
Latent Semantic Analysis (Landauer & Dumais, 1997)
with an episodic retrieval process based on MINERVA 2
(Hintzman, 1986) to account for the influence of seman-
tic structure in working memory performance. However,
these models have primarily focused on lexico-semantic
features while largely overlooking the contribution of syn-
tactic information to working memory. Moreover, most of
them tend to treat memory performance as a unified out-
come, without separating the cognitive mechanisms under-
lying item recall from those supporting order recall. This
limits their ability to fully account for the complexity of
language-based memory tasks in their current form. From
another aspect, behavioral and neuroimaging evidence has
suggested that serial order relies on domain-general mech-
anisms, such as spatial or temporal coding (e.g., Brown
et al., 2000; Burgess & Hitch, 2006; Hartley et al., 2016;
Majerus, 2008, 2013; van Dijck & Fias, 2011), whereas
item recall is more directly linked to linguistic knowledge,
particularly at the lexical-semantic level (Gathercole et al.,
2001; Hulme et al., 1991, 1997; Saint-aubin & Poirier,
1999; Walker & Hulme, 1999). However, our findings
challenge the notion that the representation of serial order
information is fully isolated from language processing.
Instead, the observation of an impact of syntactic legality
on order recall performance and order migration errors
supports emergent models of verbal WM, which propose
that WM and language systems are deeply interconnected
and interact dynamically (Acheson & MacDonald, 2009;
Buchsbaum & D’Esposito, 2019; Cowan, 1993; Hasson
et al., 2015; MacDonald, 2016; Postle, 2006; Schwering
& MacDonald, 2020). These models emphasize that ver-
bal WM is the activated portion of linguistic long-term
memory, and all aspects of verbal WM, including serial
order, are grounded in linguistic structures (Schwering &
MacDonald, 2020). The present study provides support for
this perspective, with syntactic information being crucial
for serial positioning, even in word lists. Our findings are
also in line with other recent studies that suggest there is
an impact of linguistic variables on serial order coding.
These findings contribute to a more refined understanding
of the interaction between language and the representation
of serial order information in verbal WM. While previous
models of serial order WM have primarily emphasized the
role of temporal context signals (Burgess & Hitch, 1999,
2006; Lewandowsky & Farrell, 2008; Oberauer et al.,
2012), our results suggest that serial order encoding and
maintenance are also influenced by fundamental linguistic
structures, aligning with “limited emergent” approaches.

Future models of serial order WM may consider the use-
fulness of integrating syntactic sequential knowledge
structures in order to fully account for the multiple mecha-
nisms that support coding of serial order information in
WM, in particular when the memoranda do not simply
represent one word class.

The present study further highlights the importance of
controlling for the multiplicity of variables that can inter-
vene in a verbal WM task when aiming at isolating the
impact of a specific variable. Given the robust impact of
syntactic legality on order memory in the present study,
and its robust absence in previous studies (Querella &
Majerus, 2024; Schweppe et al., 2022), it is indeed very
likely that the inclusion of adjectives in the same position
for a given list was hiding the contribution of long-term
syntactic knowledge in the latter studies. Querella and
Majerus (2024) had argued that this situation may have
led to the build-up of temporary syntactic predictability
rules, based on the creation of a particularly robust syn-
tactic frame during the parsing of the stimuli during the
encoding of the list. This temporary syntactic frame may
have overcome the impact of syntactic knowledge on order
recall and order migration errors, as it will constrain the
order in which adjectives and nouns are expected to be
output for a given list. Paradoxically, this situation may
also have increased the impact of syntactic legality on item
recall, as the temporary syntactic frame will predict the
occurrence of an adjective for a position in which an item
reflecting an adjective is not a suitable candidate based on
syntactic legality, leading to an item omission error instead
of an order error. In the present study, we prevented the
impact of temporary syntactic parsing regularities by
alternating adjective anteposition/postposition in the same
lists, and we were able to observe an impact of syntactic
legality on order recall, and this impact appears to be even
slightly more robust than the impact on item recall.

In conclusion, the present study provides direct evi-
dence for the influence of syntactic knowledge on order
recall performance in verbal WM, as opposed to item
recall performance. Our findings indicate the need for a
deeper integration of language and WM architectures,
including for the modelling of serial order mechanisms.
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