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Abstract

The development of verbal fluency is associated with the maturation of executive
function skills, such as the ability to inhibit irrelevant information, shift between tasks
and hold information in working memory. Some evidence suggests that
multilinguistic upbringing may underpin disadvantages in verbal fluency and lexical
retrieval, but can also afford executive function advantages beyond the language
system including possible beneficial effects in older age. This study examined the
relationship between verbal fluency and executive function in 324 individuals across
the lifespan by assessing the developmental trajectories of English monolingual and
multilingual children aged 7 to 15 years (N=154) and adults from 18 to 80 years old
(N=170). The childhood data indicated patterns of improvement in verbal fluency and
executive function skills as a function of age. Multilingual and monolingual children
had comparable developmental trajectories in all linguistic and non-linguistic
measures used in the study with the exception of planning, for which monolingual
children showed a steeper improvement over the studied age range relative to
multilingual children. For adults, monolinguals and multilingual participants had
comparable performance on all measures with the exception of non-verbal inhibitory
control and response times on the Tower of London task: monolinguals showed a
steeper decline associated with age. Exploratory factor analysis indicated that verbal
fluency was associated with working memory and fluid intelligence in monolingual
participants but not in multilinguals. These findings raise the possibility that early
acquisition of an additional language may impact on the development of the

functional architecture serving high-level human cognition.
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Introduction

The ability to articulate speech fluently (verbal fluency) is crucial in typically
developing children and a reliable a predictor for their academic success (Memisevic
etal., 2018). A large body of research carried out with children and adults has
provided evidence for an association between verbal fluency and the broader domain
of executive function (e.g., Aita et al., 2019; Luo et al., 2010, Shao et al., 2014).
Executive function refers to a set of vital and voluntary controlled cognitive skills that
allow us to suppress irrelevant information, shift between tasks and hold and update
information in working memory (e.g., Miyake et al., 2000). Executive function skills
might therefore be considered the building blocks of higher-level cognitive abilities
such as reasoning, problem-solving and decision-making (Diamond, 2006),
supporting effective learning and knowledge acquisition.

Verbal fluency is typically assessed via administration of tasks requiring oral
generation of words within defined parameters. One of those most widely employed
is the Verbal Associative Fluency Test, which requires participants to spontaneously
produce as many words as possible, beginning with a given letter, within one minute.
Typically, the letters used are ‘F’, ‘A’ and ‘S’, so much so that this test is routinely
referred to as ‘F-A-S’. Fluency is then inferred by the quantity of eligible words
produced, either summed or averaged across the three manipulations. Another
approach is most commonly referred to as semantic or category fluency, in which the
ability to produce category exemplars is measured using the same basic procedure and
scoring. Typical categories include animals, fruits/vegetables, vehicles and tools
(e.g., Bright, et al., 2008). Additional constraints are minimal in both tasks (for F-A-S
letter fluency, proper nouns are not allowed, and the same word with a different suffix

or repetitions are not allowed in either test).
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Both letter and category fluency are considered useful measures of how well
participants are able to organize lexical retrieval and apply strategic thinking (e.g.,
Estes, 1974; Lezak et al., 2004). Performance on these tests, therefore, is thought to
rely on higher level cognitive control, although verbal fluency is more universally
accepted as a ‘frontal lobe’ or executive function test, with category fluency
impairments interpreted in the context of semantic knowledge breakdown in addition
to executive deficits. Consistent with this view, Alzheimer patients tend to have
greater difficulty with category fluency, implicating disproportionate temporal lobe
involvement in performance on this task relative to verbal fluency (e.g., Fama et al.,
1998; Monsch, et al., 1994). In neurologically healthy participants, performance is
usually better on category fluency relative to letter fluency, but both are markedly
sensitive to ageing and frontal lobe integrity, consistent with disproportionate age-
related cortical deterioration in the frontal cortex relative to posterior regions, and to
the importance of frontal regions in the creation and organization of retrieval
strategies.

The literature has not provided a clear answer about which executive control
mechanisms are most important for successful performance in the letter and category
fluency tasks. Some authors have emphasised the role of working memory, selection
and suppression (e.g., Henry & Crawford, 2004; Moss et al., 2005; Rosen &

Engle, 1997; Rende et al., 2002). Indeed, to perform fluency tasks, participants must
hold the instructions and their earlier responses in working memory and they must
also suppress irrelevant words (e.g., words that do not start with the target letter or
belong to a certain category) and repetitions. Additionally, participants often develop
a strategy, which involves the ability to create clusters based on a systematic memory

search (e.g., pets cluster = dog, cat; farm cluster = cow, pig; birds cluster = robin,
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pigeon). However, others have stressed the importance of switching ability
(Abwender et al., 2001) and general inhibitory control (Hirshorn & Thompson-
Schill, 2006), highlighting the association between verbal fluency and novel problem
solving or fluid intelligence (e.g., Roca et al., 2012).

Another interesting line of research is related to the relationship between verbal
fluency, executive function and multilanguage acquisition. Multilingual speakers are
often found at disadvantage in tasks requiring lexical access on the assumption that
they generally have a smaller vocabulary in each known language compared to
monolingual speakers of those languages (e.g., Bialystok & Feng, 2011; Oller et al.,
2007). However, they also have to resolve the greater selection demands associated
with fluency in more than one language, and this will in turn result in slower word
retrieval when compared to monolingual speakers (Gollan et al., 2005; Ivanova &
Costa, 2008).

In contrast to this potential disadvantage, a large body of evidence has been reported
in the last three decades for a possible bilingual advantage in executive function. In
particular, children and older multilingual adults often outperform their monolingual
peers in tasks of nonverbal inhibitory control, shifting and updating (see Bialystok,
2017, for a review). The reason for this executive advantage is believed to stem from
the lexical disadvantage: the higher competitive demand of dealing with two or more
languages in a single mind on a daily basis and for protracted period of times, may in
turn strengthen frontoparietal networks functionally and structurally implicated in
nonverbal cognitive control (Bialystok, 2017). This has been prompted, in part, by an
increasing understanding of neuroplasticity and how specific and diverse skills and
experiences may be underpinned by a core, domain general “control” network (e.g.,

Duncan, 2013; Voytek et al., 2010). What is less clear is whether this network can
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somehow be enhanced through a process of multilanguage acquisition and daily

multilingual communication.

Neuroplasticity refers to the brain’s ability to adapt in response to environmental
stimulation through forming, pruning and reorganising synaptic connections (Pascual-
Leone et al., 2005). Richer environments and experiences such as higher social
economic status and formal education may have identifiable effects on brain structure
and networks as well as measurable behavioural cognitive benefits in areas such as
executive function and non-verbal intelligence (Noble et al., 2012; Kramer et al.,
2004). Experimental evidence has shown that, in the bilingual brain, both languages
are always active even in monolingual settings (Bialystok, 2017; Dijkstra, 2003). This
joint activation requires bilinguals to pay attention to changing contexts, select and
apply the appropriate language while preventing interference from the non-target
language (Bialystok, 2009). Intriguingly, multilingual speakers often underperform in
comparison to monolingual peers in category fluency, but not on letter fluency
(Gollan et al., 2002; Rosselli et al. 2002). To the extent that letter fluency is
disproportionately underpinned by frontal/executive function (in comparison to
category fluency), it has therefore been argued that the use of frontal networks
responsible for executive function may, in part, explain why there is typically no
disadvantage for letter fluency in multilinguals (Luo et al., 2010). However, although
neurological evidence supports the existence of domain general cognitive differences
between language groups, the behavioural evidence for the bilingual advantage has
been more controversial and the mechanism(s) that underlie the advantage reported in
these studies is currently a topic of vigorous debate (see Paap et al., 2015, for a

critical review).
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In the current study we explored the relationship between verbal fluency and
executive function from childhood to older age using a cross-sectional design. A
developmental trajectory approach in cross-sectional designs has been successfully
used in studies comparing the development of typically and atypically developing
children (Annaz et al., 2009; Karmiloff-Smith, et al., 2004; Thomas et al., 2001;
2009). We employed this approach, comparing performance of multilingual and

English monolingual speakers from the age of 7 to the age of 80 years.

Our primary objective, therefore, was to address whether early acquisition of a second
language alters the functional architecture of higher-level cognition. We also evaluate
whether there are differences in these developmental trajectories that might be
explained by linguistic ability (i.e., monolingual vs multilingual status). To achieve
our objectives we assess performance on a range of measures of executive function
and cognitive control, and determine their sensitivity to verbal fluency in

monolinguals and multilinguals across the lifespan trajectory.

Methods

Participants

This project was approved by the Science and Technology Research Ethics panel

at Anglia Ruskin University (FST/FREP/15/505) and was conducted in accordance
with the tenets of the Declaration of Helsinki. A total of 324 individuals, all living in
the UK at the time of testing, took part in this study (see Table 1 for the age

breakdown and gender details). One-hundred and fifty-four (154) were typically
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developing children with age ranging from 7 to 15 years old (mean age=9.6, SD= 1.6,
72 females) and 170 were healthy adults from 18 to 80 years of age (mean age=38.6,

SD=16.6, 62 males).

--- Insert Table I about here ---

Participant scores were extracted from a larger dataset of 536 participants who took
part in a 5-year investigation of the effect of multilingualism across the lifespan. In

this study, only the participants who completed the relevant tasks were included.

Within the children group, 77 were English monolinguals and 77 were
bilinguals/multilinguals of different linguistic backgrounds enrolled in UK primary
schools. Their parents completed an online questionnaire designed to establish
demographic, socio-economic and linguistic information (Filippi et al., 2020). All
multilingual children started the acquisition of two or more languages with English
being one of them either simultaneously from birth (N=59) or within the first 5 years
of life (N=18). All monolingual children reported a basic knowledge of French or
Spanish learned at school. However, they did not report daily exposure or use of
foreign language, nor the ability to hold a basic conversation in a language other than

English.

All multilingual children were reported to be highly proficient in both English and an
additional language which they reported to use on a daily basis at home and with the
extended family. Twenty-five children were reported to be exposed to a third or a
fourth language, although their level of competence in these languages was

considered lower.

Within the adult participants, 86 were English monolinguals with none or little

exposure to a second language when at school, and 84 were multilinguals from a large
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variety of linguistic backgrounds. They also completed an online questionnaire in

which biographical, socio-economic and linguistic information was provided.

They all reported to be highly proficient in English plus an additional language, which
they used on a daily basis. Fifty-five individuals were raised as bilinguals since birth
and 29 within early stages of their lives. Thirty-nine of them reported the knowledge

of a third or a fourth language.

A list of all languages spoken by the children and the adults is reported in the online

Supplementary Material, Table A1 and A2.

Socio-economic status (SES) information was calculated on the basis of parental (father
and mother) highest level of education, employment (adults only) and household
income. Each item was scored for academic achievement (i.e., 1=no formal/primary,
2=secondary, 3=undergraduate, 4=post-graduate, 5=doctorate), occupation,
(1=unemployed, 2=part-time, 3=full-time), and a score from 1 to 6 depending on their
total household income (from less than £20,000 to more than £100,000). Scores were

averaged to create a composite SES score and also analysed separately

Procedure and materials

As described in the Participants section, this study is part of a larger project in which
a total of 536 participants performed a total of 10 tasks (Table 2) that were split in
two blocks of 5 (part A and part B), counterbalanced to ensure an equal distribution
of participants who were tested starting with part A followed by part B and vice-
versa. Testing was also carried out at different times of the day, with children
predominantly tested in the morning and early afternoon. Overall, with this design

we aimed to reduce the probability that the order of tests or other factors adversely
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influenced the results. The whole testing session lasted one hour and twenty minutes

on average.

-—- Insert Table 2 about here ---

The experimental battery was conducted on an ASUS laptop, mouse, standard
keyboard, and a Technopro ® USB gamepad that was adapted with a red and a blue
sticker attached to the buttons for the execution of the Simon task, and a green sticker

for the execution of the go/no-go task. All instructions were given in English.

Ethics approval for this study was granted by the university committee. Only the
children whose parents returned written informed consent were included in the
sample. Children were tested in quiet room made available in three primary schools,
two in London and one in the Cambridge area. Adults were tested in the testing rooms
available at Anglia Ruskin University in Cambridge and at UCL - Institute of
Education in London. All participants gave their written and verbal consent before

starting the session.

To address the experimental questions of this study, we only included the participants

who fully completed the following tasks:
Verbal fluency

Participants performed two conditions, one measuring letter (or phonemic) fluency
and one measuring category (or semantic) fluency (e.g., Controlled Oral Word
Association Test, COWAT, Strauss et al., 2006). For letter fluency they were
instructed to say, out loud, as many words as they could think of beginning with a
specific letter (i.e., F, A and S) within a time limit of 60 seconds. For semantic
fluency participants were again given 60 seconds to produce words belonging to a

specific category; these were 1) animals, 2) vehicles 3) fruits and vegetables and 4)

10
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tools. The number of words generated were summed to provide a letter fluency and a
semantic fluency score (Lezak et al., 2004). Any word repetitions and category errors

were excluded from data analysis.
Executive function tasks
Visual interference suppression: Simon task.

A computerised version of the Simon task (Simon & Wolf, 1963) was programmed in
E-Prime version 2.0 (Schneider et al., 2007). A USB gamepad with coloured stickers

(red and blue) was used to record response time and accuracy.

The task consisted of 36 trials in which either a blue star or a red star randomly
appeared to the left or the right side of a white screen; each colour was presented in
equal number of times to the left and to the right. A fixation cross appeared for 800
ms preceding each trial. The participants were instructed to press the left button
(labelled with a red sticker) when the red star would appear on the screen and the
right button (labelled with a blue sticker) for the blue star. Half of the trials were
incongruent, that is, the location of the stimulus and the response button did not match
(e.g., red star on the right hand side of the screen) thereby requiring participants to
inhibit the conflicting spatial information and focus on the colour (i.e., conflict
resolution). Congruent trials (red star on the left and blue star on the right) did not
require conflict resolution. The dependent measure was the ‘Simon effect’ (i.e., the

difference between the mean response times for congruent and incongruent trials).
Response inhibition: Go/no-go task.

All participants performed a go/no-go task called Whack-A-Mole (Petitclerc et al.,
2015). They were instructed to press the green button on the USB gamepad as fast as
they could when a mole popped up on the screen (go trials). They were also instructed

not to press the button whey an aubergine appeared on the screen instead of a mole.

11
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Trials began with an open mole hole (fixation point) appearing for 500 ms in the
centre of a black screen. Go and no-go stimuli were presented for 1800 ms and 1300
ms respectively, unless a response was pressed. Correct responses were visually
rewarded for 200 ms with a “WHACK!’ graphic for whacking the mole and
‘AWESOMEY!’ for leaving the aubergine; ‘OOPS!” was displayed for missing the
mole or whacking the aubergine. The I'TI was 2500 ms. following a practice block of
10 trials (3 no-go trials) participants were given the opportunity to ask questions
before progressing on to the first of four blocks. Each block contained 56 trials (25%

no-go) presented in a pseudorandom order.
Planning and problem solving: Tower of London.

A computerised 12 trial version of the Tower of London (Shallice, 1982), included in
the free access PEBL battery (Mueller & Piper, 2014), was administered. Each
problem required participants to use the computer mouse to move coloured discs (red,
blue, and green) from their initial position to match their target position in the fewest
possible moves. The participants were instructed to move only one disc at a time, and
only the disc on the top of a stack could be moved. A move counter on the right hand
side of the screen would inform them how many moves they could make and how
many moves they had left. There was no time limit for each problem but all
participants were advised to carefully plan their moves before they clicked on any
discs. Trials ended when participants reached the move limit and the screen displayed

feedback on whether or not they had successfully completed the problem.

The trials where presented in a progressively increased order of complexity consisted
of four easy problems requiring 2-3 moves, four trials with problems requiring 4
moves and four trials with more difficult 5-move problems that required planning
multiple sub-goals.

12

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



Page 13 of 52

oNOYTULT D WN =

Author Accepted Manuscript

Fluid intelligence: Raven’s Advanced Progressive Matrices Set 1.

Participants completed Raven’s Advanced Progressive Matrices Set I (Raven, 1998)
consisting of 12 items of increasing complexity. Each item consisted of a 3 x 3 matrix
containing eight different black and white designs that are logically related and one
piece missing at the bottom right; participants were required to deduce from 8
potential pieces which piece completes the matrix. The number of correct items out of
12 was recorded. Although no time limit was given, all participants completed the

task within 10 minutes.
Verbal Working memory: Digit span forwards and backwards.

All participants were administered the digit span backward and forward, subtests of

the Wechsler Adult Intelligence Scale—Fourth Edition (WAIS-IV; Wechsler, 2008).

They were instructed to repeat aloud a sequence of numbers produced by a native
English speaker. In the forward condition, the numbers had to be repeated in the same
order. In the backward condition, they had to be reversed. Trials began with 2-digit
sequences (e.g., 1 — 7) that the participant verbally recalled either forwards or in
reverse order. As trials progress the sequence gradually increased by one digit.
Testing was interrupted when participants failed to recall the digits in two consecutive
trials. Each correct response scored 1 point. The sum of correct forward and backward

trials was recorded for each participant to provide an ability score.
English receptive vocabulary: British Picture Vocabulary Scale

All participants were administered the British Picture Vocabulary Scale: Third edition
(BPVS-III; Dunn et al., 1997), which consists of 14 sets of words, each containing 12
items. Sets are linked with levels of complexity, starting from simple words

understood by 2 — 3 year olds (e.g., ball, Set 1) to more difficult and infrequent words

(e.g., lacrimation, Set 14). Panels of 4 pictures are presented for each item and the

13

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



oNOYTULT D WN =

Author Accepted Manuscript  rseos

researcher orally say a word that is associated with only one picture. All participants
started with an age-appropriate set. If two or more errors were made on the starting
set then the researcher established the base set by going back a set at a time until a
maximum of one error was made. Next, a ceiling set was established by presenting
the participant with progressively more difficult sets until 8 or more errors were made
on a set. Raw (ability) scores were calculated as the highest number on the ceiling set
minus the total number of errors made during the assessment.

Design

This study had a mixed-design in which the developmental trajectories of verbal
fluency and executive function were built for children and adults in both linguistic
groups. Ability scores were obtained for phonological and semantic fluency (number
of words produced in each condition, English receptive vocabulary (BPVS III), fluid
intelligence (Raven’s matrices) and working memory (digit span forward and
backward). Accuracy and response time scores were calculated for the executive
function tasks. 7-tests, correlation and regression analyses were performed using
SPSS version 25 for Mac. Factor Analysis was performed using the "FactorAnalyzer"

package with Python (https://pypi.org/project/factor-analyzer/).

Results

Children

Independent ¢-tests showed that age did not statistically differ between monolingual
and multilingual groups, #(152) =-.68, p =.50. Analyses of socio-economic status,
that is, scores of parental education (father and mother), and family income, analysed
both separately and together through an averaged individual index, showed that the

two groups had comparable SES (father education = #152) =1.40, p = .17, mother

14
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education= #152) =37, p =.71, family income= #152) =1.19, p = .24, and individual

averaged index=#(152) =.02, p = .98).

oNOYTULT D WN =

There were no significant gender differences in verbal fluency skills (p=.74 for letter
10 fluency and p=.95 for category fluency). Independent ¢-tests and Bayes factors
indicated that English monolinguals and multilinguals were comparable across all

15 verbal and non-verbal measures (Table 3).

17 --- Insert Table 3 about here ---

23 Correlations between verbal fluency and executive function

25 Pearson correlation analysis showed that both semantic and phonological fluency were
significantly correlated (at p<.001) with measures of inhibitory control (go task reaction
30 time), accuracy in planning (Tower of London), fluid intelligence (Raven's matrices),
32 working memory (digit span) and receptive vocabulary (BPVS). The correlations with
measures of inhibitory control accuracy (no-go trials), shifting and updating (Simon
37 task) and response time for planning (Tower of London) were not significant (p>.05 in
39 all cases). All correlations are reported in the Supplementary Material, Table BI1.
Stepwise linear regressions were also computed in which semantic and phonological
44 fluency were regressed on digit span, Simon, go/no-go and Tower of London measures.
46 For prediction of semantic fluency, three variables were entered: forwards digit span
48 (explaining 18% of the variance), go task reaction time (an additional 8%) and no-go
trial accuracy (an additional 3%). The best fit model for phonological fluency was
53 virtually identical, with the same variables and ordering (explaining 19%, +5%, and
55 +5%, respectively). All other variables were excluded as meaningful predictors using

the standard inclusion criterion of p=.05.

15

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



oNOYTULT D WN =

Author Accepted Manuscript  rseors

The role of development and multilingualism for linguistic and non-linguistic skills
Regression analyses checked for outliers with Cook's distance (Cook, 1977) were
performed to explore the developmental trajectories of verbal and nonverbal abilities.
They revealed that age was a reliable predictor of best performance in both linguistic
groups in measures of verbal fluency, receptive vocabulary, fluid intelligence, working
memory and response time in inhibitory control (p<.001). Age was a significant
predictor of accuracy in the executive function planning task (Tower of London), for
the monolingual group (p<.001), but not for the multilingual groups (p=.38). For both
groups, age was not a reliable predictor for time of planning the first move and for
completing the task in the Tower of London, and for inhibitory control accuracy
(p>.10). Finally, there was a trend in the relationship between age and the Simon effect
in monolinguals (p=.07) whilst this relationship was just significant in multilinguals
(p=.04).

Fisher r-to-z analysis for comparison between correlation coefficients for the
monolingual and the multilingual group indicated that the children's developmental
trajectories were largely comparable. However, the trajectory of accuracy for
planning/reasoning in resolving the Tower of London task significantly differed
between the two groups (p=.009) indicating that age predicts best performance more
closely in monolinguals in comparison to multilinguals (Figure 1).

All results, including Fisher r-to-z analyses, are reported in the Supplementary
Material, Table C1.

--- Insert Figure I about here ---

The relationship between verbal fluency and executive function across development in

children

16
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All verbal and nonverbal measures with the addition of the variable age were factor-
analysed across all groups with both varimax (orthogonal) and promax (oblique)
rotations. Considering that the variables were highly correlated we opted to report the
promax rotation which may offer more valid factor loadings (Corner, 2009).

However, the varimax rotation results are also available in the Supplementary
Material, Table D, for comparison purposes.

The Bartlett sphericity (p<.001) and Kaiser-Meyer-Olkin (KMO=.80) measures
verified the sampling adequacy for the analysis.

The analyses yielded four factors with Eigenvalues > 1, explaining on average 54.0%
of the variance for the entire set of variables. Figure 2, 3 and 4, illustrate the factor
loadings, which are also reported in the Supplementary Material, Table E.
Examination of the factor loadings in the whole children population, i.e., monolinguals
and multilinguals collapsed, shows a strong fluency construct (Factor 1), largely
independent from age and all measures of working memory and executive function.
Factor 2 is strongly dominated by age but also reflects response time and vocabulary
knowledge. Factor 3 appears to reflect an underpinning executive planning /working
memory construct which is independent from response inhibition (Factor 4).

The comparison between monolingual and multilingual children, although presenting
some moderate differences in loading distributions, generally confirms an emergent
fluency construct in both groups (Factor 1 in monolinguals, Factor 2 in bilinguals).
Nevertheless, only in monolinguals is there reliable evidence of co-involvement of
working memory and fluid intelligence within this fluency factor. In bilingual children
fluid intelligence, working memory and executive planning ability dominated one
factor (in this case, Factor 3), consistent with an underpinning fluid

ability/psychometric g construct operating in this group. In monolingual children,

17
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stimulus/response conflict monitoring and executive planning ability emerged as
distinct constructs (Factors 3 and 4, respectively), with only the former emerging as
Go/No Go accuracy performance (Factor 4) in bilinguals.

--- Insert Figure 2 about here ---

--- Insert Figure 3 about here ---

--- Insert Figure 4 about here ---

Adults

Independent #-tests showed that age difference between the two groups was not
statistically significant, #(168)=-.62, p =.54. Analyses of socio-economic status, that
is, scores of parental education (father and mother), occupation and family income,
analysed both separately and together through an averaged individual index, showed
that the two groups had comparable SES (father education = #(168) =.009, p = .99,
mother education= #(168) =.99, p = .32, occupation= #(168) =.52, p = .61, family
income= #(168) =.15, p = .88, and individual averaged Index= #(168) =1.66, p = .10)
Male participants showed better verbal fluency performance than females with 50.2
mean words produced for phonological fluency (females = 43.2) and a mean of 75.8
for semantic fluency (females = 71.6). The difference was highly significant for letter
fluency skills (p=.002) but not for semantic fluency (p=.08). Independent ¢-tests and
Bayes factors indicated that English monolinguals and multilinguals performed
comparably on measures of fluid intelligence and working memory but monolinguals
showed significantly better performance on verbal fluency, English vocabulary
knowledge, inhibitory control and planning response times (Table 4).

--- Insert Table 4 about here ---
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Correlations between verbal fluency and executive function

Pearson's correlation analysis showed that phonological fluency was significantly

oNOYTULT D WN =

correlated with measures of executive function (Simon task, p=.01), working memory
10 and receptive vocabulary (p<.001). Semantic fluency was significantly correlated with
fluid intelligence (p=.01), working memory and receptive vocabulary (p<.001), but not
15 with executive function and inhibitory control measures (p>.10).

17 There was a statistical trend in the correlation between semantic fluency and accuracy
in performing the Tower of London task (p=.07). All correlations are reported in the
22 Supplementary Material, Table B2. Stepwise linear regressions were also computed in
24 which semantic and phonological fluency were regressed on digit span, Simon, go/no-
go and Tower of London measures. For prediction of semantic fluency, only forwards
29 digit span was included, explaining 16% of the variance. The best fit model for
31 phonological fluency included forwards digit span (18%) and the Simon effect
33 (explaining an additional 4% of the variance). All other variables were excluded as

meaningful predictors in both models using the standard inclusion criterion of p=.05.
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The role of age and multilingualism for linguistic and non-linguistic skills

Regression analyses checked for outliers with Cook's distance (Cook, 1977) were
performed to explore the developmental trajectories of verbal and nonverbal abilities.
They revealed that age was a reliable predictor of best performance for phonological
fluency in both linguistic groups (monolinguals p=.003; multilinguals p=.001).
However, for semantic fluency, monolinguals' performance was not significantly
associated to age (p=.37), whereas for multilinguals age was still a significant predictor
of best performance (p=.04).

For both groups, age was a significant predictor of performance in English receptive
vocabulary (p<.001), Simon effect (monolinguals p=.004; multilinguals p=.002) and
Go/No-go task response time (monolinguals p<.001; multilinguals p=.006).

For other measures, age played a different role in the two linguistic groups. For
monolinguals, age was a significant predictor of performance in response time for
planning (Tower of London first move, p=.05; Tower of London response time for
completing a trial, p=.003), and there was a statistical trend for measures of fluid
intelligence and working memory (p=.06). For multilinguals age was not a significant
predictor of working memory (p=.83) and response time for planning (p>.40) but it
predicted performance in fluid intelligence (p=.001). In both groups, age was not
significant in measures of accuracy in inhibitory control and planning (p>.20).

Fisher r-to-z analysis for comparison between correlation coefficients for the
monolingual and the multilingual group indicated a statistical trend for response time
in the Go/No-go task (p=.05). As shown in Figure 5C, monolingual speakers showed
a longer response time than multilinguals as they aged. There was a statistical trend in
the trajectories of response time for planning (p=.06). Figures 5D and E, show that

monolingual speakers were faster than multilinguals at a younger age, but they
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performed increasingly similarly in older age. The multilinguals' performance did not
appear to decline with ageing and remained stable across the lifespan.

All other comparisons were non-significant (p>.10). Regression analysis results,
including Fisher r-to-z analyses, are reported in the Supplementary Material, Table
C2.

--- Insert Figure 5 ---

The relationship between verbal fluency and executive function across development in
adults
Exploratory factor analysis with promax rotation was conducted with both linguistic
groups collapsed and then separately for monolingual and multilingual adults.
The Bartlett sphericity (p<.001) and Kaiser-Meyer-Olkin (KMO=.6) measures
verified the sampling adequacy for the analysis.
The analyses performed with both groups collapsed and separate for monolingual and
multilingual adults, yielded four factors with Eigenvalues > 1, explaining on average
45.50% of the variance for the entire set of variables. Figure 6, 7 and 8, illustrate the
factor loadings, which are also reported in the Supplementary Material, Table F.

--- Insert Figure 6 about here ---

--- Insert Figure 7 about here ---

--- Insert Figure 8 about here ---

With all adults entered into the analysis, four factors were identified, which we
interpret based on the assumption that variable loadings above 0.4 are stable (e.g.,
Field, 2013). Factor 1 is dominated by verbal fluency and digit span performance,

and therefore appears to reflect controlled lexical access.
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Factor 2 is best represented by visuospatial planning ability (Tower of London
accuracy scores), nonverbal abstract reasoning (Raven’s matrices scores) and
stimulus/response conflict processing (Simon cost). We therefore consider the
underpinning construct to be nonverbal fluid intelligence/psychometric g. Factor 3 is
virtually entirely characterised by vocabulary knowledge (BPVS). Factor 4,
disproportionately represented by performance on the Go/No Go task appears to
reflect response inhibition.

As in the analysis of children, notable differences in the loadings emerged when
language groups (monolinguals/multilinguals) were analysed separately (Figures 7
and 8). In multilinguals, Factor 1 is disproportionately associated with fluency
performance with more evidence for co-dependence on verbal short-term/working
memory in monolinguals (again consistent with monolingual children). Consistent
with the full group analysis, in multilinguals Factor 2 was dominated by visuospatial
planning ability, nonverbal abstract reasoning and stimulus/response conflict
monitoring ability, therefore indicative of an underpinning fluid
intelligence/psychometric g construct. In monolinguals there was little or no evidence
for a shared construct underlying these abilities. Instead, visuospatial planning and
stimulus/response conflict monitoring emerged as distinct constructs (Factors 3 and 4,
respectively). Notably, in our monolingual group, Raven’s matrices scores showed
low and unstable loadings across all emergent factors.

Overall, factor analysis in children and adults has shown that i. verbal fluency appears
to be largely independent of measures of working memory, fluid intelligence and
executive function in bilinguals, but is more integrated with working memory and
fluid intelligence in monolinguals; and ii. executive planning ability and fluid

intelligence dominate the same factor in bilinguals but not in monolinguals. If these
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differences in the patterns of variable loadings occurred only in the children or the

adult participants they should be regarded as holding limited intrinsic value, but the
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consistency in the patterns across both sets of data indicate that the differences in the

10 characteristics of these emergent factors may warrant further consideration.
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Discussion

This study investigated the developmental trajectories of verbal fluency and executive
function in a sample of 324 participants, 154 children from 7 to 15 years old and 170
adults from 18 to 80 years old. Half of the total sample was made of bilingual
speakers who started to acquire a second language in addition to English from early
stages of life. The other half was made of English monolingual participants. We
sought to identify which component of executive function is more associated with
verbal fluency skills. Additionally, possible effects of multi-language experiences in
the development of linguistic and non-linguistic skills were explored by comparing
the performance of the English monolingual and multilingual groups. Semantic and
phonological fluency were measured according to the standard procedure requiring
oral elicitation of words belonging to specific semantic categories or beginning with a
given letter. Executive function was measured through a set of tasks, including the
Simon task a Go/No-go task (Whack-the-mole), and the Tower of London task. Each
task targeted specific components of executive function, i.e., shifting, updating,
inhibitory control and planning. Measures of short-term and working memory (digit
span forward and backward), fluid intelligence (Raven's matrices) and receptive
vocabulary (BPVS) were also acquired. Biographical and socio-economic status
information were collected through administration of an online questionnaire.
Results showed that age was a significant predictor of best linguistic and non-
linguistic performance across the whole sample. Multiple regression of fluency
measures on our measures of working memory, executive planning and response
inhibition showed limited evidence for a meaningful relationship between
phonological or category fluency and executive function. In both age groups,

forwards digit span was robustly identified as the best predictor variable, which is
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typically assumed to be a straightforward measure of short-term memory (unlike
backwards digit span, which requires online manipulation of data held in short-
term/working memory). Multilingual and monolingual children had comparable
trajectories in all measures with the exception of planning skills (Tower of London)
where multilingual children did not seem to improve their performance across
development as steadily as the monolinguals. In all other measures, neither linguistic
disadvantages nor executive function advantages were observed in the multilingual
sample.

Similar results were obtained in the adult sample. However, as opposed to children,
adult multilingual participants demonstrated a different trajectory in reaction time in
inhibitory control (on the Go/No go task). In comparison to monolingual speakers, a
slower deterioration in response time over the age distribution was observed on this
measure in the bilingual group. This result offers some evidence that managing two or
more languages in a single mind may confer possible benefits in the ageing
population and in a specific cognitive skill: inhibitory control.

Factor Analysis was performed for both groups in order to explore the relationship
between verbal fluency, age, vocabulary knowledge and non-verbal measures of IQ
and executive function. Common patterns were observed. First, verbal fluency
appears to be largely independent from executive function measures across the whole
sample. However, when monolinguals and multilinguals were compared separately,
some significant differences also emerged. Children and adult English monolinguals'
verbal fluency performance were associated with measures of fluid intelligence,
working memory, vocabulary knowledge, executive function and age. In multilingual
children and adults verbal fluency remained largely independent from all others non-

verbal measures. We offer a tentative interpretation in the following section.
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Empirical and theoretical considerations

Overall, the results indicate similar performance levels in both monolingual and
multilingual participants on our tests of verbal and nonverbal ability. The
developmental trajectories in children and adults also show similar patterns.
Considering that the multilingual participants were all learners of English and another
language from early stages of life and were all living in the UK at the time of testing,
it is perhaps not surprising that their knowledge of English was like native
monolingual speakers when performing the verbal fluency task. The children's
developmental trajectories for all non-verbal measures were comparable with the
exception of the cognitive planning component measured with the Tower of London
task. Here, monolingual children outperformed multilingual peers. This finding is
consistent with evidence that the visuo-spatial planning and problem-solving demands
operating in the Tower of London may be served by cognitive mechanisms distinct
from those serving verbal working memory performance and non-verbal inhibitory
control (e.g., D’ Antuono et al., 2017; Kaller et al., 2011; Zook et al., 2004). To the
extent that performance on the Tower of London reflects goal-directed planning
proficiency, these results indicate that multilingual acquisition during childhood
might have negative consequences in this domain but render other aspects of
executive functioning unaffected. In earlier work we have reported a bilingual
disadvantage in metacognitive processing evidenced by disproportionately lower
confidence in test performance (Folke et al., 2016) and while purely speculative, we
raise the possibility that reduced confidence might, in part, manifest in poorer actual
performance on complex measures of goal-directed strategic planning such as the

Tower of London.
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With regard to the adults, again monolinguals and multilingual participants had
comparable performance on all measures with the exception of non-verbal inhibitory
control measured with the go/no-go task and response time on Tower of London
trials, on which monolinguals showed a trend towards steeper decline with age. While
these findings may infer slower age-related cognitive deterioration associated with
multilingualism, we caution against accepting this inference on the basis of this
statistically marginal observation.

Other studies provide less equivocal results (e.g., Bialystok et al., 2004), offering the
interpretation that lifelong multilingualism may protect the brain from the effect of
ageing (e.g., Craik et al. 2010). These findings have generated a heated debate in the
field. Some authors argue that positive results may be task-dependent (e.g., Paap et
al., 2013, 2015) and a recent large-scale meta-analysis of 152 studies on adults found
no systematic evidence for a bilingual advantage in inhibitory control (or any other
cognitive ability) after controlling for publication bias (Lehtonen et al., 2018).
Consistent with this review, recent research from our lab did not find any significant
difference between monolingual and bilingual elderly participants with classical
measures of executive function such as the Simon task and the Tower of London
(Papageorgiou et al., 2018) and our current finding, based on evidence from a single
test, should therefore be interpreted in the context of this increasing weight of pooled
evidence against the existence of a straightforward multilingual advantage in any
aspect of cognitive control.

Intriguingly we observed disparity between monolinguals and multilinguals in the
patterns of interdependency among our variables revealed via exploratory factor
analysis. Furthermore, these differences in the patterns of intercorrelation generally

held in both the child and adult groups. Most notably, evidence that verbal fluency,
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working memory and nonverbal fluid intelligence share a common underpinning
construct was observed in monolinguals but not in multilinguals. In both multilingual
children and adults a strong fluency factor emerged, on which other variables associated
with working memory, executive function and fluid intelligence showed only low or
marginal loadings. Our analysis also revealed that while fluid intelligence, working
memory and executive planning ability dominated the same factor in bilinguals, this
was not the case in monolinguals — an observation that was again observed in both child
and adult groups.

These findings raise the possibility that early acquisition of an additional language
may impact on the development of the functional architecture serving high level
human cognition. In earlier work we have published evidence that the whole-brain
network topology underpinning the control of interference during language processing
may show divergence in response to multilanguage (vs single language) acquisition
(Filippi et al., 2011; 2020) and, in this context, it is plausible that functional
adaptation and qualitative specialization of cognitive subsystems responsible for
selective attention, working memory and control may develop. Such a perspective is
consistent with the adaptive coding model of neural function (Duncan, 2001) in which
neurons are hypothesized to adapt their properties in direct response to ongoing goal-
relevant demands. In the current context, the claim is that the networks responsible
for controlling language and thought in the multilingual brain must adaptively tune
themselves to a more diverse range of inputs than is the case in the monolingual brain,
and this leads to differences in the functional selectivity and adaptability of the latent
variables serving bilingual cognition.

Why would such group differences in the latent variables explaining performance

across our tasks emerge in the absence of group differences in levels of performance?
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The Inhibitory Control Model (ICM; Green, 1986, 1998) and its expansion, the
Adaptive Control Hypothesis (ACH; Green & Abutalebi, 2013) propose that
inhibition is the key mechanism for bilingual language processing: in order to produce
one language, bilinguals must inhibit the non-target language. The ACH provides the
most detailed account of the bilingual language selection processes. According to this
model there are eight different control processes: 1) goal maintenance, 2) conflict
monitoring 3) interference suppression, 4) salient cue detection, 5) selective response
inhibition, 6) task disengagement, 7) task engagement, and 8) opportunistic planning
that are recruited differently in relation to the specific linguistic context in use.

The ACH also describes three different interactional contexts: 1) single language, 2)
dual language, and 3) dense code-switching. A single-language context operates when
languages are used separately (e.g., L1 at home, L2 at work). A dual-language context
operates when both languages are mixed (e.g., interactions in which one speaker uses
L1 and the other L2). The dense-code switching context occurs when interactions are
not only mixed but speakers also "play" with their languages with frequent switches
within a single sentence or by creating novel words (e.g., merging two languages in a
single word).

For each one of these contexts the ACH makes distinctive predictions in terms of
control process demands. For example, in the context of single or dual-language, goal
maintenance and interference control processes are required, presenting overall
increasing demand on the speaker's cognitive system. On the contrary, in the dense-
code switching, the speaker does not need such a high level of control: both languages
can be uttered freely in the same interaction.

Our observation that verbal fluency performance is relatively independent from

performance on standard measures of working memory and fluid intelligence in
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multilinguals might be considered consistent with the ACH because the task is
performed in a single language context (English), and this model proposes that it is
only in a dual-language context (i.e., neither single-language nor dense language
switching contexts) that significant recruitment of inhibitory control mechanisms will
occur in the bilingual mind. Furthermore, given the model prediction that it is only
under dual-language contexts that a bilingual advantage is conferred (for a discussion
see Kalamala et al., 2020), the lack of performance differences between our
monolingual and bilingual groups across all our tasks (all presented in English) can
also be accommodated. Thus, if we assume that all our multilingual participants are
frequent (or dense) language switchers and they habitually use both languages in their
daily interactions at work and with friends and family, the interpretation seems
consistent with the ACH's prediction that active control processes should not required
to monitor the currently active language.

We acknowledge the potential limitations of this study that are associated with
drawing inferences on lifespan developmental trajectories on the basis of data which
are necessarily cross-sectional. However, we also acknowledge that this approach has
been successfully demonstrated in previous research (Annaz et al., 2009; Karmiloff-
Smith et al., 2004; Thomas et al., 2001; 2009). We therefore encourage further work
aimed at understanding how second language learning may alter unity and diversity in
the functional organization and network topology of high level cognitive processes
across the lifespan, and recommend that such efforts avoid unnecessary focus on the
question of whether there is a genuine bilingual cognitive advantage.

In conclusion, our findings suggest that the brain may adapt functionally in response
to the demands associated with multilanguage acquisition, encouraging convergence

and divergence in the functional specificity of the cognitive latent variables revealed
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in patterns of covariation at the behavioural level. It therefore follows that functional

mechanisms serving cognitive control may differ between multilinguals and

oNOYTULT D WN =

bilinguals but, as the present findings suggest, these differences may not manifest in a

10 performance advantage.

17 Supplementary Material

The Supplementary Material is available at: qjep.sagepub.com

31

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



oNOYTULT D WN =

Author Accepted Manuscript  ruesos

References

Abwender, D. A., Swan, J. G., Bowerman, J. T., & Connolly, S. W. (2001).
Qualitative analysis of verbal fluency output: Review and comparison of several
scoring methods. Assessment, 8(3), 323-338.

Aita, S. L., Beach, J. D., Taylor, S. E., Borgogna, N. C., Harrell, M. N., & Hill, B. D.
(2019). Executive, language, or both? An examination of the construct validity of
verbal fluency measures. Applied Neuropsychology: Adult, 26(5), 441-451.

Annaz, D., et al. (2009). A cross-syndrome study of the development of holistic face
recognition in children with autism, Down syndrome and Williams syndrome. Journal
of Experimental Child Psychology, 102, 456-486.

Bialystok, E. (2017). The bilingual adaptation: how minds accommodate

experience. Psychological bulletin, 143(3), 233.

Bialystok, E., Craik, F. 1., Klein, R., & Viswanathan, M. (2004). Bilingualism, aging,
and cognitive control: evidence from the Simon task. Psychology and aging, 19(2),
290.

Bialystok, E., & Feng, X. (2011). Language proficiency and its implications for
monolingual and bilingual children. Language and literacy development in bilingual
settings, 121-138.

Bright, P., Moss, H. E., Stamatakis, E. A., & Tyler, L. K. (2008). Longitudinal studies
of semantic dementia: the relationship between structural and functional changes over
time. Neuropsychologia, 46(8), 2177-2188.

Craik, F. L., Bialystok, E., & Freedman, M. (2010). Delaying the onset of Alzheimer
disease: Bilingualism as a form of cognitive reserve. Neurology, 75(19), 1726-1729.
D’Antuono, G., La Torre, F. R., Marin, D., Antonucci, G., Piccardi, L., & Guariglia,
C. (2017). Role of working memory, inhibition, and fluid intelligence in the
performance of the Tower of London task. Applied Neuropsychology: Adult, 24(6),
548-558.

Diamond, A. (2006). The early development of executive functions. Lifespan
cognition: Mechanisms of change, 210, 70-95.

Dijkstra, T. (2003). Lexical processing in bilinguals and multilinguals: The word
selection problem. In The multilingual lexicon (pp. 11-26). Springer, Dordrecht.
Duncan, J. (2001). An adaptive coding model of neural function in prefrontal

cortex. Nature reviews neuroscience, 2(11), 820-829.

32

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



Page 33 of 52

oNOYTULT D WN =

Author Accepted Manuscript

Duncan, J. (2013). The structure of cognition: attentional episodes in mind and
brain. Neuron, 80(1), 35-50.

Dunn, L. M., Dunn, L. M., Whetton, C., & Burley, J. (1997). The British Picture
Vocabulary Scale, nd ed. BPVS-1I). London: NFER-Nelson.

Estes, W. K. (1974). Learning theory and intelligence. American

Psychologist, 29(10), 740.

Fama, R., Sullivan, E. V., Shear, P. K., Cahn-Weiner, D. A., Yesavage, J. A.,
Tinklenberg, J. R., & Pfefferbaum, A. (1998). Fluency performance patterns in
Alzheimer's disease and Parkinson's disease. The Clinical Neuropsychologist, 12(4),
487-499.

Filippi, R., Richardson, F. M., Dick, F., Leech, R., Green, D. W., Thomas, M. S., &
Price, C. J. (2011). The right posterior paravermis and the control of language
interference. Journal of Neuroscience, 31(29), 10732-10740.

Filippi, R., Ceccolini, A., Periche-Tomas, E., Bright, P., (2020). Developmental
trajectories of metacognitive processing and executive function from childhood to
older age. Quartely Journal of Experimental Psychology, 1747021820931096
Filippi, R., Periche Tomas, E., Papageorgiou, A., & Bright, P. (2020). A role for the
cerebellum in the control of verbal interference: Comparison of bilingual and
monolingual adults. PloS one, 15(4), €0231288.

Filippi, R., Ceccolini, A., Periche-Tomas, E., Papageorgiou, A., Bright, P. (2020).
Developmental trajectories of control of verbal and non-verbal interference in speech
comprehension in monolingual and multilingual children. Cognition, 200, 104252.
Folke, T., Ouzia, J., Bright, P., De Martino, B. & Filippi, R. (2016). A Bilingual
Disadvantage in Metacognitive processes. Cognition, 150, 119-132

Gollan, T. H., Montoya, R. I., & Werner, G. A. (2002). Semantic and letter fluency in
Spanish-English bilinguals. Neuropsychology, 16(4), 562.

Gollan, T. H., Montoya, R. I., & Bonanni, M. P. (2005). Proper names get stuck on
bilingual and monolingual speakers' tip of the tongue equally

often. Neuropsychology, 19(3), 278.

Green, D. W. (1986). Control, activation, and resource: A framework and a model for
the control of speech in bilinguals. Brain and language, 27(2), 210-223.

Green, D. W. (1998). Mental control of the bilingual lexico-semantic

system. Bilingualism.: Language and cognition, 1(2), 67-81.

33

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



oNOYTULT D WN =

Author Accepted Manuscript  ruesors

Green, D. W., & Abutalebi, J. (2013). Language control in bilinguals: The adaptive
control hypothesis. Journal of Cognitive Psychology, 25(5), 515-530.

Henry, J. D., & Crawford, J. R. (2004). Verbal fluency deficits in Parkinson's disease:
a meta-analysis. Journal of the International Neuropsychological Society, 10(4), 608-
622.

Hirshorn, E. A., & Thompson-Schill, S. L. (2006). Role of the left inferior frontal
gyrus in covert word retrieval: neural correlates of switching during verbal

fluency. Neuropsychologia, 44(12), 2547-2557.

Katamata, P., Szewczyk, J., Chuderski, A., Senderecka, M., & Wodniecka, Z. (2020).
Patterns of bilingual language use and response inhibition: A test of the adaptive
control hypothesis. Cognition, 204, 104373.

Karmiloff-Smith, A., et al. (2004). Exploring the Williams Syndrome Face Processing
Debate: The importance of building developmental trajectories. Journal of Child
Psychology and Psychiatry, 45(7), 1258-1274.

Kaller, C. P., Rahm, B., Kostering, L., & Unterrainer, J. M. (2011). Reviewing the
impact of problem structure on planning: A software tool for analyzing tower

tasks. Behavioural brain research, 216(1), 1-8.

Kramer, A. F., Bherer, L., Colcombe, S. J., Dong, W., & Greenough, W. T. (2004).
Environmental influences on cognitive and brain plasticity during aging. The Journals
of Gerontology Series A: Biological Sciences and Medical Sciences, 59(9), M940-
M957.

Ivanova, 1., & Costa, A. (2008). Does bilingualism hamper lexical access in speech
production?. Acta psychologica, 127(2), 277-288.

Lehtonen, M., Soveri, A., Laine, A., Jarvenpéd, J., De Bruin, A., & Antfolk, J. (2018).
Is bilingualism associated with enhanced executive functioning in adults? A meta-
analytic review. Psychological bulletin, 144(4), 394.

Lezak, M. D., Howieson, D. B., Loring, D. W., & Fischer, J. S.

(2004). Neuropsychological assessment. Oxford University Press, USA.

Luo, L., Luk, G., & Bialystok, E. (2010). Effect of language proficiency and
executive control on verbal fluency performance in bilinguals. Cognition, 114(1), 29-
41.

Memisevic, H., Soce, S., Cisic, L. K., Biscevic, L., & Pasalic, A. (2018). Verbal
fluency and its association with inhibitory control in children grades 1-3. Acta

Neuropsychologica, 16(4), 343-352.

34

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



Page 35 of 52

oNOYTULT D WN =

Author Accepted Manuscript

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager,
T. D. (2000). The unity and diversity of executive functions and their contributions to
complex “frontal lobe” tasks: A latent variable analysis. Cognitive psychology, 41(1),
49-100.

Monsch, A. U., Bondi, M. W., Butters, N., Paulsen, J. S., Salmon, D. P., Brugger, P.,
& Swenson, M. R. (1994). A comparison of category and letter fluency in
Alzheimer's disease and Huntington's disease. Neuropsychology, 8(1), 25.

Moss, H. E., Abdallah, S., Fletcher, P., Bright, P., Pilgrim, L., Acres, K., & Tyler, L.
K. (2005). Selecting among competing alternatives: selection and retrieval in the left
inferior frontal gyrus. Cerebral Cortex, 15(11), 1723-1735.

Mueller, S. T., & Piper, B. J. (2014). The Psychology Experiment Building Language
(PEBL) and PEBL Test Battery. Journal of Neuroscience Methods, 222, 250-259.
http://dx.doi.org/10.1016/j.jneumeth.2013.10.024

Noble, K. G., Houston, S. M., Kan, E., & Sowell, E. R. (2012). Neural correlates of
socioeconomic status in the developing human brain. Developmental science, 15(4),
516-527.

Oller, D. K., Pearson, B. Z., & Cobo-Lewis, A. B. (2007). Profile effects in early
bilingual language and literacy. Applied Psycholinguistics, 28(2), 191-230.

Paap, K. R., & Greenberg, Z. I. (2013). There is no coherent evidence for a bilingual
advantage in executive processing. Cognitive psychology, 66(2), 232-258.

Paap, K. R., Johnson, H. A., & Sawi, O. (2015). Bilingual advantages in executive
functioning either do not exist or are restricted to very specific and undetermined
circumstances. Cortex, 69, 265-278.

Papageorgiou, A., Bright, P., Periche-Tomas, E., & Filippi, R. (2018). Evidence
against a cognitive advantage in the bilingual older population. Quartely Journal of
Experimental Psychology, 1747021818796475.

Pascual-Leone, A., Amedi, A., Fregni, F., & Merabet, L. B. (2005). The plastic
human brain cortex. Annu. Rev. Neurosci., 28, 377-401.

Petitclerc, A., Briggs-Gowan, M. J., Estabrook, R., Burns, J. L., Anderson, E. L.,
McCarthy, K. J., & Wakschlag, L. S. (2015). Contextual variation in young children's
observed disruptive behavior on the DB-DOS: Implications for early

identification. Journal of Child Psychology and Psychiatry, 56(9), 1008-1016.

35

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



oNOYTULT D WN =

Author Accepted Manuscript  ruesos

Raven, J. (1998). Court JH. Manual for Raven’s progressive matrices and vocabulary
scales. Assessment. Oxford: Oxford Psychlogists Press.

Rende, B., Ramsberger, G., & Miyake, A. (2002). Commonalities and differences in
the working memory components underlying letter and category fluency tasks: a dual-
task investigation. Neuropsychology, 16(3), 309.

Roca, M., Manes, F., Chade, A., Gleichgerrcht, E., Gershanik, O., Arévalo, G. G., ...
& Duncan, J. (2012). The relationship between executive functions and fluid
intelligence in Parkinson's disease. Psychological medicine, 42(11), 2445-2452.
Rosen, V. M., & Engle, R. W. (1997). The role of working memory capacity in
retrieval. Journal of Experimental Psychology: General, 126(3), 211.

Rosselli, M., Ardila, A., Salvatierra, J., Marquez, M., LUIS, M., & Weekes, V. A.
(2002). A cross-linguistic comparison of verbal fluency tests. International Journal of
Neuroscience, 112(6), 759-776.

Schneider, W., Eschman, A., & Zuccolotto, A. (2007). E-Prime getting started

guide. Psychology software tools.

Shallice, T. (1982). Specific impairments of planning. Philosophical Transactions of
the Royal Society of London. B, Biological Sciences, 298(1089), 199-209.

Shao, Z., Janse, E., Visser, K., & Meyer, A. S. (2014). What do verbal fluency tasks
measure? Predictors of verbal fluency performance in older adults. Frontiers in
psychology, 5, T72.

Simon, J. R., & Wolf, J. D. (1963). Choice reaction time as a function of angular
stimulus-response correspondence and age. Ergonomics, 6(1), 99-105.

Strauss, E., Sherman, E. M., & Spreen, O. (2006). 4 compendium of
neuropsychological tests: Administration, norms, and commentary. American
Chemical Society.

Thomas, M. S. C., Annaz, D., et al. (2009). Using developmental trajectories to
understand developmental disorders. Journal of Speech, Language, and Hearing
Thomas, M. S. C., Grant, J., B., et al. (2001). Past tense formation in Williams
syndrome. Language and CognitiveProcesses, 16 (2/3), 143-176.

Voytek, B., Davis, M., Yago, E., Barcelo, F., Vogel, E. K., & Knight, R. T. (2010).
Dynamic neuroplasticity after human prefrontal cortex damage. Neuron, 68(3), 401-
408.

Wechsler, D. (2008). Wechsler adult intelligence scale-Fourth Edition (WAIS—

IV). San Antonio, TX: NCS Pearson, 22, 498.

36

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



ez AUthOr Accepted Manuscript

Zook, N. A., Davalos, D. B., DeLosh, E. L., & Davis, H. P. (2004). Working memory,
inhibition, and fluid intelligence as predictors of performance on Tower of Hanoi and

London tasks. Brain and cognition, 56(3), 286-292.

oNOYTULT D WN =

37

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792



oNOYTULT D WN =

Author Accepted Manuscript

Figure Captions

Figure 1. Developmental trajectories of monolingual and multilingual children for
accuracy in performing the Tower of London task, measuring planning/reasoning.
Figure 2. Loadings for all children with promax rotation

Figure 3. Loadings for monolingual children with promax rotation

Figure 4. Loadings for multilingual children with promax rotation

Figure 5. Developmental trajectories of monolingual and multilingual adults for
phonological and semantic fluency (A and B), inhibitory control (C), accuracy and
reaction time in performing the Tower of London task (D and E), and English
receptive vocabulary (F).

Figure 6. Loadings for all adults with promax rotation

Figure 7. Loadings for monolingual adults with promax rotation

Figure 8. Loadings for multilingual adults with promax rotation
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Table 1: Total number of participants divided by age group (in years), linguistic group and

gender.

oNOYTULT D WN =

Age Monolinguals Multilinguals Tot. Monol. Tot. Mult.
10 Group Males Females Meanage Males Females Mean age

n 7-15 39 38 9.5(1.5) 43 34 9.7(1.7) 77 77
18-80 36 50 39.417.4 26 58 37.8016.0) 86 84
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Table 2. The test battery used in the project "An investigation of

multilinguistic experience across the lifespan".

oNOYTULT D WN =

Part A

Ping task

Verbal Fluency*

Sentence Interpretation task
Simon task*
Whack-the-mole task*
Part B

Metacognition task

Raven's Progressive Matrices*
Tower of London*

BPVS III*

Digit span (BW+FW)*

* Tasks used in the current study
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Table 3. Means and standard deviations (in brackets) of children's performance in all verbal

and nonverbal measures with statistical comparisons between monolingual and multilingual

oNOYTULT D WN =

children. Bayes factor shows the likelihood of the null over the alternative hypothesis.

All

Experimental measures Monolinguals Multilinguals D BF,

_ 4.95
12 Raven's (mean ability score) 6.7(2.6) 6.9 (2.5) 6.5(2.6) p=32

— 243
13 BPVS (mean ability score) 132(19) 135(17) 130 21) p=12*

14 — 7.48
15 Digit Span Forward (mean ability score) 8.4(L.7) 8.4(1.6) 8.5(1.9) p=72

_ 7.91
16 Digit Span Backward (mean ability score) 5.3(1.9) 5.3(1.8) 53@2.1) p=90

_ 2.92
17 Verbal fluency letter (mean ability score) 25009.8) 23.8(8.6) 26.16 (10.9) p=15

18 4.59
19 Verbal fluency category (mean ability score) 45.0(12.9) 46.1(12.3) 43.9 (13.4) p=29 '

— 7.54
20 Simon effect (RT incongruent - congruent in ms) 67.0 (43.1) 68.4(50.7) 65.7 (45.7) p=74

— 7.96
21 Go/No-go task accuracy 82% (11) 82% (11) 82% (12) p=.83

- 3.36
22 Go/No-go task reaction time (ms) 517(79.5) 526 (74) 509 (84) p=18

23

24 Tower of London accuracy 56% (18) 55% (18) 56% (18) p=063 712
— 3.77

25 Tower of London RT first move (secs) 139) 12.(7) 14 (10) p=21

26 Tower of London RT (secs) 21(10) 20 (10) 22 (11 p=26 4.28

27 * Where equal variance was not assumed the corrected p value was used.
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Table 4. Means and standard deviations (in brackets) of adults' performance in all verbal and

nonverbal measures with statistical comparisons between monolinguals and multilinguals.

oNOYTULT D WN =

Bayes factor shows the likelihood of the null over the alternative hypothesis. Statistically

significant results are in bold and trends are underlined.

Experimental measures All Monolinguals Multilinguals D BF,
Raven's (mean ability score) 9.5(2.1) 9.7 (2.0) 9.3(2.3) p=29 4.81
BPVS (mean ability score) 162 (6.6) 165 (4.8) 159 (7.2) p<001 0.00
Digit Span Forward (mean ability score) 11.5(2.4) 11.4(2.3) 10.7 (2.4) p=13 2.68
Digit Span Backward (mean ability score) 8.2(2.3) 8.2 (2.6) 8.3(2.3) p=.65 7.57
Verbal fluency letter (mean ability score) 45.7 (14.0) 48.2 (15.1) 43.3(12.4) p=02 0.69
Verbal fluency category (mean ability score) 73.1(15.2) 76.2 (13.0) 69.8 (16.6) p=006 0.22
Simon effect (RT incongruent - congruent in ms) 54.4 (46.0) 51.2 (47.0) 57.7 (45.0) p=.36 5.54
Go/No-go task accuracy 89.6% (8) 89.5% (9) 89.7% (8) p=291 7.96
Go/No-go task reaction time (ms) 412 (63) 422 (64) 403 (62) p=.06 0.22
Tower of London accuracy 77% (17) 79% (13) 76% (20) p=.30 5.01
Tower of London RT first move (secs) 17.(9) 15(7) 19 (10) p=008 0.28
Tower of London RT (secs) 23 (10) 21 (8) 25(11) p=.008 0.28

Quarterly Journal of Experimental Psychology

DOI: 10.1177/17470218211026792





