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Executive control processes in verbal
and nonverbal working memory

The role of aging and bilingualism

Margot D. Sullivan, Yolanda Prescott, Devora Goldberg and

Ellen Bialystok
York University

Studies across the lifespan have revealed modifications in executive control (EC)
from bilingualism, but studies of working memory (WM), a key aspect of EC,
have produced varied results. Healthy older (M = 71.0 years) and younger partic-
ipants (M = 21.1 years) who were monolingual or bilingual, performed working
memory tasks that varied in their demands for EC. Tasks included a star count-
ing task, a flanker task, and a nonverbal recent probe memory task. Bilinguals
performed similarly to monolinguals on the star counting task after controlling
for differences in vocabulary. Monolinguals were faster than bilinguals on the
flanker task with only age group differences significant for the WM manipula-
tion. Bilinguals were faster than monolinguals on the nonverbal recent probe
memory task, particularly for the condition that included proactive interference.
The interpretation is that better bilingual performance in nonverbal working
memory tasks is linked to the need for executive control.
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Introduction

The importance of attention in working memory (WM) is clear when one consid-
ers the cognitive operations needed to successfully encode, avoid irrelevant in-
formation/interference, maintain as well as retrieve information (Eriksson, Vogel,
Lansner, Bergstrom, & Nyberg, 2015). This becomes relevant for how bilingual-
ism impacts WM performance as there is much evidence for the parallel activa-
tion of bilinguals’ two languages (for a recent review see Kroll, Dussias, Bolgulski,
& Valdes-Kroff, 2012), and it has been put forth that bilinguals attend to both
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languages and therefore require the use of executive control (EC) to avoid interfer-
ence (Bialystok, 2015). However, in contrast to a substantial amount of research
showing that bilinguals outperform monolinguals on many nonverbal EC tasks,
with the largest effects seen in older adults and children (Bialystok, Craik, Green,
& Gollan, 2009), studies examining the effect of bilingualism on WM have pro-
duced more varied results (e.g., Bialystok, Craik, & Luk, 2008; Luo, Craik, Moreno,
& Bialystok, 2013). The purpose of the present study was to investigate the effect of
bilingualism on working memory by considering the level of executive control re-
quired, presence or absence of interference, and verbal demands on the WM task
and the possible differences in these effects that might be found for younger and
older adults. As Adesope, Lavin, Thompson, and Ungerleider (2010) point out,
dual language activation in bilinguals could either increase cognitive load, mak-
ing WM processing more cumbersome (cf., van Merrienboer & Sweller, 2005) or
the intense practice with attentional control that is required for bilingual language
production may benefit WM processing through practice (Luo, Craik, Moreno, &
Bialystok, 2013). In both cases, these outcomes implicate the broader notion of EC
of which WM is a component. Continual and lifelong experience with dual lan-
guage control and, crucially, managing interference between languages suggests
that better WM performance by bilinguals should be linked to the need for EC
(Kroll et al., 2012); however such an effect may have been obscured in previous
work due to either low level EC requirements of the task and/or the impact of
verbal processing in the tasks due to the type of materials used.

Verbal memory performance in bilinguals is often confounded with language
proficiency because receptive vocabulary is generally lower in both bilingual chil-
dren (Bialystok, Luk, Peets, & Yang, 2010) and adults (Bialystok & Luk, 2012) than
it is for their monolingual peers. Bilinguals across the lifespan also show reduced
lexical access and slower retrieval in production tasks, including more tip of the
tongue states (Gollan & Silverberg, 2001), slower picture naming in the L1 espe-
cially for low frequency words (Gollan, Montoya, Cera, & Sandoval, 2008; Ivanova
& Costa, 2008), and reduced verbal fluency, all of which impacts tests of free re-
call. For instance, in a study by Fernandes, Craik, Bialystok, and Kreuger (2007),
older and younger adult bilinguals and monolinguals performed a free recall test
of semantically-related word lists under normal or divided attention conditions.
Both bilinguals and older adults recalled fewer words, but the proportion of atten-
tion decrement in the divided attention conditions compared to the full attention
condition was equivalent to monolinguals and younger adults. These findings sug-
gest that both older adults and bilinguals were not further hindered by interfer-
ence effects, despite recalling fewer words. Importantly, the effect of bilingualism
but not aging disappeared after controlling for vocabulary and nonverbal fluid
intelligence, indicating that although both older adults and bilinguals have initial
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difficulty with lexical retrieval, only age-related detriments on verbal recall remain
once language proficiency is accounted for. Further analyses revealed that worse
bilingual performance was tied to the full attention condition and only one of the
four divided attention conditions, a pattern that the authors interpreted as utiliza-
tion of a more efficient EC system to improve performance on the effortful condi-
tions making it comparable to that of monolinguals.

In another study with young adults, a similar influence of verbal ability on ver-
bal memory and interference was shown by having bilinguals and monolinguals
recall four sequential word lists, with the first three lists containing words from
the same semantic category to accumulate proactive interference (i.e., interference
from previously relevant material, see Jonides & Nee, 2006) and the fourth list
containing words from a separate sematic category to erase proactive interference.
There were no language group differences in verbal recall or number of intru-
sions, but when differences in vocabulary knowledge were controlled, the bilin-
guals showed better verbal recall than monolinguals (Bialystok & Feng, 2009). The
essential point from both of these studies is that bilinguals perform equivalently
to or even better than monolinguals after verbal ability is considered, and impor-
tantly better WM performance is seen in bilinguals for the conditions involving
controlled processing and interference.

To avoid the potential confound of language proficiency on WM performance,
Bialystok, Craik, & Luk (2008) asked younger and older bilingual and monolingual
adults to perform nonverbal span tasks -- forward and backward Corsi blocks and
a self-ordered pointing task. Younger bilinguals recalled more than younger mono-
linguals on the Corsi blocks task, but there were no language group differences in
older adults. On the self-ordered pointing task, there were age-related differences
in performance but no effect of language group. The lack of language group differ-
ences seen with aging for these two tasks may be because they are simple span tasks
with little need for EC. The suggestion is that bilinguals outperform monolinguals
only on tasks that make substantial demands on EC, and the implication is that
WM tasks that depend on EC are more likely to show better performance by bi-
linguals than by monolinguals. An example of this comes from the Simon task (Lu
& Proctor, 1995) that was adapted to create a WM manipulation (Bialystok, Craik,
Klein, and Viswanathan, 2004). The task included conditions in which participants
responded to the color of either two stimulus options (red or green) or four stimu-
lus options (red, blue, orange, or brown) that were placed on the left or right side of
the screen in compatible or incompatible positions with the correct response key.
Independent of differences in the Simon effect, both younger and older bilinguals
outperformed their monolingual counterparts in the more demanding 4-color
conditions. Therefore, bilinguals appear to show better WM performance on tasks
involving nonverbal, speeded responses that require the use of EC.
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The interaction between domain-specific ability and domain-general ex-
ecutive control on memory performance can be shown by testing monolinguals
and bilinguals on the same task using different stimuli. Luo, Craik, Moreno, and
Bialystok (2013) gave younger and older bilinguals and monolinguals simple and
complex verbal and spatial span tasks. An interaction between language group and
domain showed that monolinguals were better than bilinguals on verbal tasks and
bilinguals were better than monolinguals on spatial tasks, differences that were
stable across age groups. These effects remained after controlling for vocabulary
and nonverbal intelligence. Although these data are in line with the current pre-
dictions, language differences are not always seen for span tasks (e.g. Bialystok,
Craik, & Luk, 2008), suggesting that the EC requirements in these tasks may not
be sufficient to elicit such differences.

Two additional studies have used the same task across different domains with
older and younger adult bilinguals but have focused more on isolating controlled
processing components in memory performance. First, Wodniecka, Craik, Luo,
and Bialystok (2010) used a process dissociation paradigm (PDP; Jacoby, 1991)
that was designed to assess the effects of aging and bilingualism on measures
of familiarity and recollection. Familiarity is an automatic process but recollec-
tion requires controlled processing, or EC. The typical age-related declines were
found for recollection, but language group effects depended on both domain and
pre-existing ability. Older adult bilinguals for whom English was an L2 displayed
worse performance for verbal recollection but better performance for nonverbal
recollection compared to older adult monolinguals. In contrast, bilinguals with
stronger English proficiency showed the reversed effect in which older adult bilin-
guals displayed better performance in verbal recollection. Bilinguals of both age
groups outperformed monolinguals for nonverbal recollection. These studies pro-
vide some evidence for better bilingual performance in the controlled processes of
recollection but not automatic familiarity, with clearer differences for older adult
bilinguals and nonverbal tasks.

Finally, evidence that language group differences in nonverbal memory may
be tied to the need to resolve interference comes from the recent probe task
(Jonides & Nee, 2006). Participants must make yes/no decisions to a single probe
as to whether it appeared in the previous memory set slide. The key manipulations
are trials designed to elicit facilitation, i.e., the probe was present in the memory
set and trial n-1, or interference effects, i.e., the probe was not present in the mem-
ory set but was present for trial n-1. This proactive interference condition was
of interest for the current study for two reasons. First, it is well documented that
older adults are more susceptible to proactive interference effects (e.g., Jonides,
Marshuetz, Smith, Reuter-Lorenz, & Koeppe, 2000; May, Hasher, & Kane, 1999).
Second, the presence of proactive interference introduces a situation in which
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previous information that is highly familiar creates a response bias to respond ‘yes’
when in reality, a negative response is required (Jonides et al., 2000); creating the
need for conflict resolution. This presents a scenario in WM that is similar to the
nature of the bilingual experience where conflict resolution/attention is required
to deal with the interference from two separate languages. With respect to the
PDP previously described, the probe in the interference condition elicits a sense
of familiarity in memory, however recollection/controlled processing is required
to establish the appropriate contextual details as to whether the probe was indeed
in the current memory set (See Wodniecka et al., 2010). In a study by Bialystok,
Poarch, Luo, & Craik (2014), younger and older bilingual and monolingual adults
performed a letter version and a nonverbal stick figure version of the recent probe
task. Younger adults performed better than older adults for both versions, but
there were no effects of language group for the letter task. The key findings were
that for the nonverbal figure task, bilinguals were faster than monolinguals on
negative interference trials and showed smaller costs with greatest effects in older
adults.

The current study was designed to determine the conditions under which bi-
lingual processing differences could be found in WM tasks. The hypothesis was
that better bilingual performance is tied to the need for EC in performing the task,
with the largest EC demands recruited by interference. Older and younger adult
participants of monolingual or bilingual language backgrounds were included to
assess whether bilingualism would also act as a protective factor against typical
age-related declines in memory performance. Domain-specific effects were as-
sessed by including verbal and nonverbal materials.

In the verbal domain, participants performed a star counting task. The EC
demands consisted of manipulating the required number of switches from for-
ward to backward counting of stars that were presented in rows on a card. WM
demands were increased in a condition in which a more effortful counting rule
had to be remembered, namely, count forward by 2s and backward by 1s in con-
trast to the standard condition in which all counting was by 1s. The star counting
task was developed to assess attention regulation and shows a stronger correlation
with the processing aspects of numerical span than storage (Das-Smaal, de Jong,
& Koopmans, 1993). Bilingual participants were allowed to use their preferred
language of counting to limit possible slowing due to lexical retrieval.

In the nonverbal domain, a flanker task was developed that required responses
to the correct or opposite central arrow direction depending on the color. This
manipulation added WM demands to a well-established EC task, as opposed to
the other two tasks (i.e., star counting and recent probe) where EC conditions were
present within primarily WM tasks. Finally, a complex nonverbal recent probe
memory task was included that contained a proactive interference manipulation
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and used different nonverbal stimuli from Bialystok et al. (2014). The first hy-
pothesis was that complex task conditions that require more EC, particularly in-
terference resolution, will be performed better by younger participants and bilin-
guals, with larger language group effects in old age. The second hypothesis was
that performance will depend on whether the task is verbal or nonverbal. Better
performance by bilinguals should be tied to nonverbal tasks, and once vocabulary
knowledge is controlled for, bilinguals™ ability to handle EC requirements in the
verbal task should outweigh problems due to lexical retrieval.

2. Method

2.1 Participants

There were 115 participants, consisting of older and younger adults with mono-
lingual or bilingual language backgrounds. Thirteen participants were excluded in
total for either: having unclear language backgrounds (n = 6), low English vocabu-
lary or nonverbal intelligence (standardized scores < 70; n = 3), history of a lobot-
omy/cerebral palsy (n = 1), full vision in only one eye (n = 1), less than high school
education (n = 1), and one older monolingual for having very low performance
across all three experimental tasks (star counting accuracy = 6.3%, modified flank-
er accuracy = 33%, recent probe accuracy = 53%).The final younger adult sample
included 53 participants between the ages of 18 and 38 (M =21.1, SD =4.1), of
whom 26 were monolingual English speakers and 27 were bilinguals who reported
being fluent in English and at least one other language.! The final older adult sam-
ple consisted of 49 participants between the ages of 63 and 80 (M = 71.0, SD = 4.9),
of whom 23 were English monolinguals and 26 were bilinguals.?

2.2 Background measures

Participants completed the Language and Social Background Questionnaire
(LSBQ; Luk & Bialystok, 2013) to obtain information about language experience.

1. The non-English language of the younger adult bilinguals included Cantonese (3), Portuguese
(1), Hocano (2), Armenian (1), Bisaya (1), French (3), Hindi (2), Farsi (1), Vietnamese (1),
Ukrainian (1), Punjabi (1), Bangla (1), Amharic (1), Spanish (2), Korean (1), Albanian (1), Urdu
(2), Pashto (1) and Creole (1).

2. The non-English languages of the older adult bilinguals included Bengali (1), French (4),
Spanish (1), Yiddish (3), Swiss German (1), Turkish (1), Filipino (2), Estonian (1), Marathi (1),
Russian (1), Dutch (1), German (2), Mandarin Chinese (Fookien Dialect) (1), Hindi (1), Tamil
(1), Ttalian (1), Hebrew (1), Ukrainian (1), and Urdu (1).
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Participants answered questions about their language use and proficiency for all
known languages and rated their level of bilingualism on a global self-assessment
scale. Additionally, they answered questions regarding age, gender, handedness,
vision/hearing problems, neurological impairments, psychoactive medication use,
education level, and country of birth. Older adults also reported their occupation,
and younger adults answered questions about their parents’ education levels, oc-
cupations, and known languages.

Vocabulary and nonverbal fluid intelligence were assessed by the paper-based
versions of the Shipley-2 Institute of Living Scale Verbal and Blocks (Shipley,
Gruber, Martin, & Klein, 2009). Responses were scored and standardized accord-
ing to the published instructions. Each test has a population mean of 100 and a
standard deviation of 15.

2.3 Tasks

Paper-and-pencil and computer-based tasks were used to assess verbal (star count-
ing) and nonverbal (flanker, recent probe) working memory.

2.3.1  Star counting task

The star counting task required participants to follow specific rules and count out
loud the number of stars that appeared on a page (adapted from Das-Smaal, de
Jong, & Koopmans, 1993). Laminated 8-1/2 x 11 inch sheets with arrangements
of black stars and interspersed plus and minus signs at unpredictable locations
were presented. The signs indicated the counting direction, with plus signalling
count forward and minus signalling count backward. Each sheet had a number
in the upper left corner beside the first row of stars indicating the number from
which counting was to begin. Participants were to move across the rows from left
to right, and to proceed down the rows from the top to bottom of the card. In the
standard condition, both forward and backward counting proceeded by intervals
of one; in the working memory condition, forward counting proceeded by twos
but backward counting by ones. This counting rule (2 Forward, 1 Backward) was
printed in red on the left side of each card in the working memory condition (See
Appendix A for a sample card). Both the standard and working memory condi-
tions were further divided into low switch and high switch conditions. Each low
switch card had four signs indicating a change in counting direction, and each
high switch card contained ten signs. There were sixteen cards, with four in each
of the four conditions. The order of conditions and the order of cards within each
condition were randomized across participants.
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2.3.2  Modified flanker task

To increase working memory demands in a simple executive control task, a modi-
fied flanker task was developed. Stimuli were presented in the center of the screen
with a response key on either side of the screen. Each trial began with a central
fixation cross for 250 ms, followed by a response screen (see Appendix B). Trials
timed out after 2000 ms. For baseline trials, a single blue or pink arrow appeared
and participants indicated the direction it was pointing if the arrow was blue
(same condition) but the opposite direction if it was pink (opposite condition).
Conflict block trials consisted of five arrows presented in a horizontal line across
the centre of the screen consisting of two flanking black arrows on either side of a
central blue or pink arrow. The flanking arrows pointed in the same direction as
the centre arrow for congruent trials, but in the opposite direction for incongru-
ent trials. For both congruent and incongruent trials, central blue and pink arrows
indicated same and opposite conditions respectively. Participants completed two
blocks of each trial type (single and conflict) in alternating order. There were a to-
tal of 48 single arrow trials, consisting of 24 same trials and 24 opposite trials, and
96 conflict block trials, consisting of 48 congruent trials (24 same and 24 opposite)
and 48 incongruent trials (24 same and 24 opposite). Colors assigned for the same
and opposite trials were counterbalanced across participants.

2.3.3 Recent probe task

This task examines the effect of proactive interference on the ability to perform
a simple memory task. The stimuli were 26 Microsoft Word Wingdings symbols
(e.g., Y, Y, g:g). Trials began with a central fixation cross presented for 1000
ms, followed by a memory set for 2500 ms (see Appendix C). The memory set
then disappeared and the fixation cross remained on the screen for 1500 ms until
the probe appeared. The probe slide timed out after 3000 ms. Each memory set
contained four symbols arranged in a square surrounding the fixation cross. Probe
screens contained a single symbol in the centre of the screen. There were four
trial types created by two factors. The first was whether or not the probe appeared
in the memory set, creating positive (‘yes’) and negative (‘no’) trials. Second, the
probe may also have appeared in the previous (n-1) set, creating facilitation for
positive trials but interference for negative trials. Positive and negative baseline
trials were those in which the probe did not appear in the previous memory set.
The task consisted of a pure block of 32 trials (16 positive baseline and 16 negative
baseline), two mixed blocks with 64 trials each (16 of each of the four trial types),
and another pure block of 32 trials (16 positive baseline and 16 negative baseline).
The task was programmed using a pseudorandomized order, such that no more
than three of the same trial type would be presented in sequence.
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2.4 Procedure

Participants completed all tasks within a single 2-hour session. Upon arrival, par-
ticipants completed the consent form and the LSBQ. The experimenter then ad-
ministered the Shipley-2 Verbal and Shipley-2 Blocks according to standardized
instructions.

For the star counting task, the experimenter sat at a table across from the par-
ticipant and presented each card on the table individually. Bilingual participants
were told they were allowed to count in their preferred language. A practice card
was presented before the first experimental card to familiarize participants with
the counting rules. For each card, the experimenter recorded the participant’s final
time in seconds and answer.

The modified flanker and recent probe tasks were completed on a Dell
Dimension 8400 desktop using E-Prime (Version 2.0, Psychology Software Tools)
software. The order of the two tasks was counterbalanced across participants. For
the modified flanker task, the ‘Q’ key on the left side of the keyboard was used as
the left response key and the ‘P’ key on the right side of the keyboard was the right
response key. Participants were instructed to press the button on the same side
as the arrow was pointing in for blue arrows (same) and on the opposite side for
pink arrows (opposite). Participants completed eight practice trials with feedback
before each block, and were told to respond as quickly as possible while avoiding
errors. For the recent probe task, participants completed eight practice trials with
verbal feedback, and were told to respond as quickly as possible while avoiding
errors.

3. Results

3.1 Background measures

Background measures are reported in Table 1 by age group and language group.
Two-way ANOVAs for age group and language group were run on the variables
age in years, years of education, English vocabulary scores, and nonverbal intel-
ligence scores. For age in years, there was an expected main effect of age group,
F(1,98) = 3163.31, p <.0001, r]zp = .97, but importantly, no main effect or interac-
tions with language group, Fs < 1.5. For years of education, there was a main effect
of age group, F (1, 98) = 51.23, p <.0001, r|2P = .34, with older adults having more
years of education than younger adults, but no main effect or interactions with
language group, Fs < 2.3. English vocabulary scores were significantly higher in
older adults than younger adults, F (1, 98) = 31.43, p <.0001, qu = .24, and higher
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in monolinguals than in bilinguals, F (1, 98) = 9.36, p =.003, qu =.09, with no
significant interaction, F < 1. There were no significant main effects or interactions
for nonverbal intelligence scores Fs < 3.9. Language profiles are shown in Table 2.

Table 1. Means (and SDs) of background variables by age group and language group

Age Younger Adults Older Adults

Group Monolinguals  Bilinguals ~ Monolinguals Bilinguals
N 26 27 23 26

Age (years) 212(43)  21.0(4.0) 70.0 (4.4) 71.9 (5.1)
Education (years) 13.0 (1.1) 13.3(1.5) 15.1 (1.8) 15.8 (2.1)
Vocabulary 101.5(7.9)  95.1(11.3) 111.2(6.8)  106.3 (10.3)
Nonverbal Intelligence 100.7 (9.6)  97.6 (13.9) 101.7 (14.1) 95.3 (10.7)

Note. Vocabulary and nonverbal intelligence were measured using the Shipley-2 Verbal and Shipley-2
Blocks respectively, which are standardized by age group.

Table 2. Language profile means (and SDs) by language group and age group

Bilingual Monolingual
Younger Older Younger Older
Age Learned English 6.2 (5.3) 8.8 (6.0) 1.1(1.2) 0.9 (0.9)
Age Learned Non-English Language 2.0 (3.0) 1.9 (3.7) 8.1(5.3) 11.6 (5.5)
n=11 n=7
N Indicated English as L1? 13/27 15/26 26/26 23/23
English Proficiency 91.6 (10.2) 97.3(4.4) 99.9 (0.5) 99.2 (2.5)
Non-English Proficiency 91.9 (10.2) 90.7 (12.5) 8.0 (12.0) 6.0 (10.6)
English Usage 60.4(19.8) 70.8(22.8) 98.6(42)  99.3(2.2)

a LI. Language listed first when asked to list known languages in order of fluency.
Note. Self-report ratings of proficiency range from 0 = “no proficiency” and 100 = “fully fluent” and usage
from 0 = “All L2” and 100 = “All English”

3.2 Star counting task

Mean counting time and accuracy rates for the star counting task are presented in
Table 3. RT analyses were conducted on correct trials only. Any trials noted by the
experimenter where participants restarted counting, made a counting infringe-
ment (i.e., did not count each individual star), made a substantially long pause to
correct themselves,® or stopped before completing the entire card were classified

3. This occurrence was noted by the experimenter for a single card for two older adult bilin-
guals; with the trial length containing the pause to be substantially longer than the mean of
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Table 3. Mean counting times in seconds (and SDs), LS Means (and SDs) using English
vocabulary as a covariate, and mean accuracy (and SDs) for the star counting task by age
group and language group

Younger Adults Older Adults

Condition Monolinguals Bilinguals Monolinguals Bilinguals

Counting Time

Standard

Low Switch 28.5 (7.6) 31.3(8.3) 31.4(7.2) 36.6 (8.8)

High Switch 39.1(9.9) 45.9 (12.9) 41.6 (9.5) 454 (11.3)

WM

Low Switch 44.0 (12.0) 49.7 (11.0) 43.8 (10.0) 51.2 (15.5)

High Switch 50.8 (13.5) 56.3 (15.8) 53.1(13.7) 57.1 (15.4)
LS Means

Standard

Low Switch 28.0 (7.7) 29.1(8.3) 33.5(8.2) 37.4(7.7)

High Switch 38.6 (10.6) 43.0 (11.5) 443 (11.3) 46.4 (10.7)

WM

Low Switch 43.5 (12.0) 46.9 (13.1) 46.4 (12.8) 522 (12.1)

High Switch 50.0 (13.8) 51.8 (15.0) 57.3 (14.8) 58.6 (13.9)
Accuracy?®

Standard

Low Switch 3.4 (0.9) 3.3(0.8) 3.5(0.8) 3.5(0.8)

High Switch 3.0 (1.0) 2.8(0.9) 2.7 (1.1) 3.0 (0.9)

WM

Low Switch 3.0 (0.8) 2.8 (1.1) 3.0 (0.9) 3.0 (1.1)

High Switch 2.6 (1.1) 2.7 (1.1) 2.5(0.8) 2.7 (1.1)

a Accuracy rates are based on the number of cards performed correctly out of 4.

as errors. One younger bilingual did not perform the task. Initially, a four-way
mixed ANOVA with age group and language group as the between-subjects vari-
ables, and switch condition (low or high) and counting rule (standard or WM) as
within-subjects variables was used to analyze the counting time data. A significant
main effect of language group was found, F (1, 91) = 543, p = .02, r]zp = .06, such
that bilinguals had slower counting times than monolinguals. A main effect of

the remaining three cards of that condition (12.2 seconds longer for one participant and 26.8
seconds longer for the other participant).
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switch, showed that participants were faster in low switch than high switch condi-
tions, F (1, 91) = 253.48, p <.0001, r]zp =.74, and a main effect of counting rule
indicated that participants were faster in standard conditions than in WM condi-
tions, F (1, 91) = 428.80, p <.0001, n2P =.82. There was also, a significant three-
way interaction of switch by counting by age, F (1,91) =4.29, p = .04, qu =.05.
Separate univariate analyses by condition, revealed that this interaction was driven
by older adults being significantly slower than younger adults on the low switch/
standard counting condition (p =.01), but not the remaining conditions (Fs < 1).
There were no other significant main effects or interactions, Fs < 3.5.

Because the groups were not equivalent in vocabulary and due to the verbal
nature of the task, a correlational analysis was conducted to determine wheth-
er there was a relationship between vocabulary and counting times across the
four conditions. There was a significant negative correlation for the full sample,*
such that higher vocabulary scores were associated with faster production,
r(93) =-.31, p =.003. A four-way mixed ANCOVA with vocabulary as a covari-
ate was used to re-examine the data. Based on these adjusted scores, there was a
significant main effect of age, F (1, 90) = 5.73, p = .02, q2p = .06, with slower count-
ing time by older adults than younger adults, but not language group, F < 1.9, and
no interaction, F < 1. Thus, the slower performance of bilinguals disappeared
when vocabulary levels were taken into account. There was again a main effect
of switch, F (1, 90) = 14.76, p =.0002, r]zp =.14 and a main effect of counting
rule, F(1,90) = 15.21, p =.0002, r]2P =.14. The three-way interaction of switch
by counting by age remained significant, F (1, 90) = 6.23, p = .01, nzp =.06, how-
ever now older adults were significantly slower for both the low switch/standard
condition (p =.0002) and the high switch/WM condition (p =.03), and not the
remaining two conditions (Fs < 3.5). There were no other significant interactions,
Fs <3.9.

Analyses of the star counting task accuracy data (See Table 3) using a four-
way mixed ANOVA revealed significant task effects, with higher accuracy on low
switch than high switch conditions, F (1, 96) = 30.68, p < .0001, 112P =.24 and on
standard than WM conditions, F (1, 96) = 15.08, p =.0002, qu =.14. There were
no other significant main effects or interactions, Fs < 1.8.

4. To justify use of the ANCOVA, the assumption of homogeneity of the regression slope was
examined by also looking at the correlations between vocabulary and production time sepa-
rately by age and language group. The assumption was met as similar slopes were shown across
all four subgroups, with all correlations ranging between —.27 to —.42.
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3.3 Modified flanker task

Six participants (1 younger monolingual, 1 younger bilingual, and 4 older bilin-
guals) who had an overall accuracy rate below 60% (-2.5 SDs from the full study
sample mean) on this task were excluded from the analyses. This resulted in all
accuracies being around 90% and was therefore not analyzed further. One addi-
tional older monolingual did not complete the task due to difficulty. RT trimming
procedures consisted of removing trials with RTs below 200 ms, eliminating 0.03%
of trials for younger adults and 0.03% of trials for older adult participants. RT
analyses were conducted on correct trials only.

Results for the flanker task are presented in Table 4. Reaction times for the
single arrow condition was analyzed using a three-way mixed ANOVA using age,
language group, and direction (same or opposite). There was a significant main ef-
fect of age, F (1, 91) = 50.87, p < .0001, qu = .36, with younger adults responding
faster than older adults, and a significant main effect of direction, F (1, 91) = 16.25,
p=.0001, q2p = .15, with same trials faster than opposite trials. There were no oth-
er significant main effects or interactions, Fs < 2.8.

Table 4. Mean RTs (and SDs) for the modified flanker task by age group and language
group

Younger Adults Older Adults
Condition Monolinguals Bilinguals Monolinguals Bilinguals
Single Arrow Blocks RT
Same Direction 680 (145) 745 (156) 890 (132) 949 (151)
Opposite Direction 710 (151) 763 (157) 950 (154) 976 (177)
Conflict Blocks RT

Congruent

Same Direction 664 (137) 736 (118) 839 (118) 903 (149)
Opposite Direction 681 (118) 762 (160) 905 (132) 970 (181)
Incongruent

Same Direction 664 (135) 725 (129) 867 (126) 927 (160)
Opposite Direction 709 (155) 762 (157) 929 (124) 970 (182)

For conflict block reaction times, a four-way mixed ANOVA, with age, language
group, congruency (congruent or incongruent) and direction (same or opposite)
revealed a main effect of age, F(1,91) =51.70, p <.0001, 112P = .36, with faster
responding by younger adults, and language group, F(1,91)=4.96, p=.03,
qu = .05, with faster responding by monolinguals. There was a main effect of con-
gruency, F (1, 91) = 6.08, p = .02, r]zp = .06, with the average response to congruent
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trials being faster than incongruent. There was also a main effect of direction,
F(1,91) =47.72,p < .0001, r]2P = .34, with longer RTs for opposite trials, and a sig-
nificant direction by age interaction, F (1, 91) = 4.57, p = .04, r|2p = .05, with older
adults showing substantially longer RTs to opposite direction trials compared to
younger adults. There were no other significant interactions, all Fs < 3.3.

A conflict direction cost score was calculated to investigate the RT costs due to
keeping the opposite direction responding rule in mind (WM cost score). This was
operationalized as ((congruent opposite + incongruent opposite)/2 — (congruent
same + incongruent same)/2). For this cost score, there was a significant main ef-
fect of age group, F (1, 91) =4.57, p = .04, nzp = .05, but not language group, F< 1,
and no interaction, F < 1 (My,;; = 30.7, SDy,;; = 58.5, Myp, = 31.9, SDyp; = 55.6,

ML YML
Mgy = 63.8,SDgyy = 67.7, Moy = 55.0, SDyyy, = 73.9).

YBL

3.4 Recent probe task

Results from the recent probe task are reported in Table 5. Two younger bilingual
participants were excluded because one had RTs greater than 3 SDs above the
group mean for 3 of the 6 task conditions, and the other due to a technical error.
Two further participants were removed because of an overall accuracy rate below
54% (1 younger bilingual, and 1 older bilingual; —2.5 SDs from the full study sam-
ple mean). RT trimming procedures consisted of removing trials with RTs below
300 ms or above 2500 ms. This eliminated 0.7% of trials for younger adults and
1.2% of trials for older adults. All RT analyses were conducted on correct trials
only.

For the pure blocks, a three-way mixed ANOVA for age, language group, and
response type (‘no’ or ‘yes’) on RT revealed a main effect of age, F (1, 94) = 53.53,
p <.0001, nzp = .36, with faster responding by younger adults. There were no other
significant main effects or interactions, all Fs < 3.2. Pure block accuracy analysis
revealed a main effect of age, F (1, 94) = 21.54, p <.0001, qu =.19, with higher
accuracy for younger adults, but no effect of or interaction with language group,
Fs < 2. There was also an effect of response type, F(1,94) =39.07, p <.0001,
qu =.29, with higher accuracy for negative responses. There were no significant
interactions, all Fs < 2.4.

Mixed block trials for RT were analyzed using a four-way mixed ANOVA for
age, language group, response type, and trial type (baseline or interference/facili-
tation) and revealed a main effect of age, F (1, 94) = 42.65, p <.0001, qu = .31,
with faster responding by younger adults. There was a main effect of trial type,
F(1,94) =26.59, p <.0001, qu = .22, with faster responding on baseline than
experimental (facilitation/interference) trials. There was also a response by trial
interaction, F (1, 94) = 33.23, p <.0001, r|2p = .26, in which participants overall
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Table 5. Mean RTs (and SDs) and percent accuracy (and SDs) for the recent probe task by
age group and language group

Younger Adults Older Adults
Condition Monolinguals Bilinguals Monolinguals Bilinguals
RT

Pure blocks

Negative baseline 971 (159) 873 (141) 1192 (181) 1153 (209)
Positive baseline 986 (196) 904 (132) 1192 (218) 1173 (195)
Mixed blocks

Negative baseline 969 (199) 880 (127) 1164 (197) 1150 (240)
Interference 1069 (199) 932 (141) 1244 (226) 1210 (249)
Positive baseline 963 (171) 871 (141) 1206 (265) 1160 (213)
Facilitation 967 (204) 897 (132) 1184 (234) 1149 (195)

Accuracy

Pure blocks

Negative baseline 87.6 (8.2) 91.0 (7.8) 84.9 (12.2) 82.5(13.3)
Positive baseline 81.7 (11.0) 78.5 (13.9) 73.4 (13.1) 66.4 (17.2)
Mixed blocks

Negative baseline 87.5(10.8) 88.5(8.6) 87.9 (9.1) 84.9 (12.2)
Interference 82.6 (12.5) 84.8 (9.1) 79.9 (11.4) 79.4 (12.9)
Positive baseline 81.7 (10.9) 72.8 (15.9) 73.2 (16.7) 67.3 (15.8)
Facilitation 83.9 (7.6) 79.7 (11.8) 74.6 (16.7) 71.1 (14.4)

responded similarly to facilitation trials (M = 1047, SD = 226) and positive base-
line trials (M = 1048, SD = 241), but were slower to interference trials (M = 1112,
SD = 239) than negative baseline trials (M = 1039, SD = 227), indicating that only
interference affected RT. Importantly, there was also a significant three-way in-
teraction of response by trial by language, F (1, 94) = 4.03, p = .0475, qu =.04.
Univariate analyses by condition indicated that bilinguals were faster on interfer-
ence trials (p = .04), but not on the other three types (Fs < 2.9). No other interac-
tions were signiﬁcant, Fs < 3.9.

An analysis of mixed block accuracy showed a significant effect of age,
F(1,94) = 12.81, p = .0005, qu =.12, such that younger adults were more accurate
than older adults. There was a significant effect of response type, F (1, 94) = 25.77,
p <.0001, qu = .22, with higher accuracy for negative responses, as well as a sig-
nificant response by trial interaction, F (1, 94) = 38.56, p <.0001, qu =.29. This
interaction represents the expected experimental manipulation, with overall
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higher accuracy for facilitation (M = 77.4, SD = 13.7) than positive baseline trials
(M =73.9, SD = 15.6), and lower accuracy for interference (M = 81.7, SD = 11.6)
than negative baseline trials (M = 87.2, SD = 10.3).There were no other significant
main effects or interactions, all Fs < 3.7.

The same data were analyzed as RT cost scores that were calculated follow-
ing the procedures in Bialystok et al. (2014). Facilitation effects were represent-
ed as mixed block positive baseline - facilitation trials, and interference effects
were represented as mixed block negative baseline - interference trials. These data
are presented in Figure 1. A three-way mixed ANOVA with age group, language
group, and experimental trial type (facilitation effect, interference effect) was run
on these cost scores. One younger bilingual outlier was removed for having a large
negative cost score close to 3 SDs minus the group mean. There was a significant
main effect of trial type, F (1, 93) = 31.53, p <.0001, qu = .25, indicating again the
presence of a large cost on RTs from interference (M =—-70.7, SD = 92.6) and no
effect of facilitation (M = 0.8, SD = 93.0).There was a significant trial by language
interaction, F (1, 93) = 5.05, p = .027, qu =.05. One-way ANOVAs examining the
effect of language on each experimental trial type indicated that bilinguals had
smaller interference costs than monolinguals (p = .03), but the groups did not dif-
fer on facilitation (F < 1). There were no other significant main effects or interac-
tions, all Fs < 1.5.

100 @ Younger Monolingual

Younger Bilingual
@ Older Monolingual
50 Older Bilingual

]
. I

-50

Mean Change in RT (ms)

-100

-150
Facilitation Interference

Figure 1. RT cost scores for facilitation and interference on the recent probe task by age
and language group. Error bars represent standard errors.

A summary of the main findings for the three experimental tasks is shown in
Table 6.
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Table 6. Summary of main results by experimental task

Age Group Language Group
Simple Complex Simple Complex
Task Condition Condition Condition Condition
Star Counting Y<O Y<O ML = BL ML =BL
Modified Flanker Y<O Y<O ML =BL ML < BL
Recent Probe Y<O Y=0 ML = BL ML > BL

4. Discussion

Both aging and bilingualism influenced performance on the three tasks used in
the current study but the nature of the effects depended on the task (See Table 6).
The participant groups were matched on relevant background measures with the
exception of English vocabulary knowledge. This pattern of lower vocabulary
scores in bilinguals and higher vocabulary scores in older adults, which is typical
for the literature (e.g., Luo et al., 2013), had a significant impact on performance in
the star counting task. As predicted, prior to controlling for vocabulary knowledge
bilinguals were slower than monolinguals to count stars, even though participants
were informed they could use the language in which they were most comfortable
counting. The groups were equivalent on counting accuracy for standard and WM
conditions, but the negative correlations between vocabulary and counting time
reflect the verbal nature of this production task. Indeed, previous work has pro-
vided evidence that verbal memory and numerical working memory are part of
the same construct (Oberauer, Siss, Schulze, Wilhelm, & Wittman, 2000). Once
vocabulary was controlled, the main effect of bilingualism disappeared, but aging
effects remained such that older adults were slower than younger adults. Thus,
vocabulary was a factor in the slower task performance by bilinguals at both age
groups but was not a factor in the slower performance by older adults in both
language groups. Put another way, individuals became slower on this task with age

but there was no evidence that performance

was further moderated by language

experience. The interaction of age with task conditions, such that older adults were
slower than younger adults on conditions requiring the minimum level of EC and
the maximal level of EC suggests that in this largely processing based task that
younger adults surpass older adults when processing demands are few, but are also

are better able to handle the dual demands of high switching and remembering the

complex counting rule.

For the modified flanker task, typical age-related slowing effects were seen
for both the single arrow and conflict blocks, and older adults were particularly
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affected by the demands of having to remember to respond to the opposite ar-
row direction during conflict blocks. Single arrows blocks did not elicit any lan-
guage group differences indicating no differences in simple speed of processing.
However, monolinguals performed significantly faster on the conflict blocks, con-
trary to our expected results. Although we have no explanation for the difference
shown on this version of the task other than the possibility that the bilinguals in
the current sample attended more to the overall context of the conflicting cues (see
explanation below), the finding minimally demonstrates that the bilinguals were
not inherently faster responders even on a simple conflict task.

WM during conflict trials on the modified flanker task was taken into account
by calculating RT cost scores from having to remember the opposite response rule.
There were no language group differences, reflecting equivalent effects of WM on
performance. The cues from the flanking arrows in this version of the task are more
complex than in the traditional flanker task. For example, in the opposite direction
condition congruent flankers are really incongruent and therefore do not facilitate
performance. This suggests that a greater amount of inhibition of flanking arrows
is required for this version of the task, and undeniably, some of the older adults
found this task to be particularly difficult and is in line with research showing that
older adults have worse inhibitory control compared to younger adults (Hasher,
Zacks, & May, 1999). Therefore, successful performance on this particular task
compared to the other tasks used in the current study may be largely based on
rapid inhibitory control processes more so than WM ability.

The recent probe task was the same as in Bialystok et al. (2014), but now used
stimuli that are more distinctive and easier to encode. Task accuracy declined with
aging, but there were no effects or interactions with language. Similar accuracy
rates across language groups allows for an interpretation of response process-
ing without any speed-accuracy trade-offs. Additionally, our sample consisted of
healthy older and younger adults, without diagnosed memory impairment. For
analyses of RTs, older adults were slower than younger adults, a result that was
obviously expected. Crucially, however, bilinguals were faster than monolinguals
on the proactive interference condition, replicating the finding in Bialystok et al.
(2014). This indicates that when the need for conflict resolution in memory is
high, (i.e., to overcome a strong sense of familiarity and engage in accurate rec-
ollection); bilinguals are able to engage in these processes at a faster rate than
monolinguals. The analyses of cost scores that represented the difference in time
to respond to baseline and experimental trials for each of the positive and nega-
tive responses additionally showed that bilinguals had smaller interference costs
than monolinguals, although the groups did not differ in the amount of facilitation
effects from repeated trials. In fact, the facilitation effects were small altogether
(seen mainly for accuracy and not RT) so it is not surprising that there was no
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difference between groups on this measure. Aging and bilingualism did not in-
teract, contrary to our initial prediction, indicating independent effects on WM
performance for this sample of healthy adults.

Together, these results indicate that the impact of bilingualism on working
memory depends on task demands such as the task domain, and presence of inter-
ference. Bilingual processing tends to be worse for verbal tasks, due to less efficient
lexical access and retrieval, unless vocabulary level is controlled, and only then
is bilingual performance similar to monolingual. This was seen both in the cur-
rent study on the star counting task and previous work with verbal materials (e.g.,
Fernandes, Craik, Bialystok, and Kreuger, 2007). Bilinguals showed similar WM
costs as monolinguals on performance on the nonverbal modified flanker task,
whereas better bilingual performance in WM was tied to overcoming the influ-
ence of proactive interference. This was supported by the results seen on the non-
verbal recent probe task. This replication strengthens the findings from Bialystok
et al. (2014) using a new set of stimuli.

This work has important implications for research involving bilingualism as
a contributing factor to cognitive reserve in aging, and suggests that the underly-
ing mechanism may be the ability to utilize the executive control system to deal
with the detrimental effects of interference. The current sample was comprised
of healthy, well-educated adults. Future studies will need to assess if enhanced
nonverbal interference resolution in bilinguals remain stable through aging and
investigate possible changes that accrue with the onset of neuropathology. In ad-
dition, the contributing role of WM capacity versus processing in language group
differences needs further exploration. The current study examined the role of WM
processing in the form of varying levels of EC, however evidence from a recent
meta-analysis also suggests that bilinguals may outperform monolinguals in terms
of WM capacity (Grundy & Timmer, submitted). There is also an existing litera-
ture on the role of WM and L2 proficiency development and use. In a recent meta-
analysis by Linck, Osthus, Koeth, and Bunting (2014), a positive relationship was
shown between WM and L2 outcomes, and stronger relationships were shown for
complex WM span tasks (i.e., greater need for EC) compared to simple WM span
tasks and for verbal compared to nonverbal measures, providing evidence that the
relationship between WM and language development/use may be bidirectional.
We conclude however, with stating that bilingualism research is complex and ac-
curate assessments of how bilingualism and aging influence WM will depend on
the level of bilingual experience, pre-existing abilities, as well as the task domain.
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Appendix A
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A sample card in the working memory condition of the star counting task
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Procedure and conditions in the modified flanker task
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Appendix C
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