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A sample of 58 bilingual and 62 monolingual university students completed four tasks
commonly used to test for bilingual advantages in executive functioning (EF): antisaccade,
attentional network test, Simon, and colorshape switching. Across the four tasks, 13
different indices were derived that are assumed to reflect individual differences in
inhibitory control, monitoring, or switching. The effects of bilingualism on the 13 measures
were explored by directly comparing the means of the two language groups and through
regression analyses using a continuous measure of bilingualism and multiple demographic
characteristics as predictors. Across the 13 different measures and two types of data
analysis there were very few significant results and those that did occur supported a
monolingual advantage. An equally important goal was to assess the convergent validity
through cross-task correlations of indices assume to measure the same component of
executive functioning. Most of the correlations using difference-score measures were
non-significant and many near zero. Although modestly higher levels of convergent
validity are sometimes reported, a review of the existing literature suggests that bilingual
advantages (or disadvantages) may reflect task-specific differences that are unlikely to
generalize to important general differences in EF Finally, as cautioned by Salthouse,
assumed measures of executive functioning may also be threatened by a lack of
discriminant validity that separates individual or group differences in EF from those in

general fluid intelligence or simple processing speed.
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INTRODUCTION

Executive functions (EFs) consist of a set of general-purpose
control processes believed to be central to the self-regulation
of thoughts and behaviors that are instrumental to accomplish-
ing goals. Across many theoretical frameworks these functions
include planning, organizing, sequencing, problem solving,
decision-making, goal selection, switching between task sets,
monitoring for conflict, monitoring for task-relevant informa-
tion, monitoring performance levels, updating working memory,
interference suppression, and inhibiting prepotent responses. The
functions assigned to EF are quite broad, many appear to be
related to thinking in general, and this has led Salthouse (2005)
and others to consider if the concept of EF is different from that
of general fluid intelligence (gF). This concern will be examined
in a discussion of discriminant validity.

From a neuropsychological perspective the construct of EF
is often viewed as a set of interrelated component processes
all involving the prefrontal cortex (PFC) with each com-
ponent recruiting additional areas of cortical function. This
componential framework allows for the possibility that the related
components have some degree of anatomical and functional
independence. Thus, individuals may vary in terms of overall

EF ability or with respect to specific components'. If EFs are
general-purpose then individuals who excel in, say, a measure of
inhibitory control in one task should also show little interference
(excellent inhibitory control) in a different task. That is, indices
obtained in different tasks, but assumed to measure the same
component of EF, should correlate and show convergent valid-
ity. One important purpose of the present study is to assess the
convergent validity of 13 measures of EF obtained in the antisac-
cade, attentional network test (ANT)?, Simon, and color-shape
switching task. These four tasks were selected because they have
dominated the non-verbal tests for bilingual advantages in EF,
particularly for samples of young adults and the elderly.

ISee Unsworth etal. (2014) for an example that used variance partitioning and
cluster analysis to identify subgroups that differ in terms of attention control,
secondary memory, and capacity.

2The precues that define the ANT task enable the measure of alerting and ori-
enting networks. The difference between congruent and incongruent trials is
referred to as “attentional control” by Fan et al. but we will refer to this dif-
ference score as the flanker effect to be consistent with the name for the same
difference score in highly similar “flanker” tasks that do not use the spatial or
temporal precues.
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UNITY AND DIVERSITY OF EF

The influential work of Miyake and Friedman (Miyake et al.,
2000; Friedman and Miyake, 2004; Friedman et al., 2008; and
Miyake and Friedman, 2012) shows evidence for three compo-
nents of EF: updating, switching’, and inhibition. Confirmatory
factor analyses (CFA) were based on measures from three dif-
ferent tasks for each of the three hypothesized components. For
each latent variable (viz., updating, switching, inhibition) the
three observed variables linked to the same latent variable, are
correlated with one another, and result in standardized factor
loadings ranging from 0.40 to 0.71. At the higher level the three
latent variables correlate with one another and this is consis-
tent with the assumption that each contributes to a common
EE. When the same data are reanalyzed with a second order
CFA where the three latent variables are nested under a com-
mon EF latent variable, the nine observed measures all load on
common EF with two of the components (updating and shift-
ing) still making unique contributions. These findings support
the assumption of a general EF ability with separable updating
and switching components and an inhibition component that
is not separable and that is weakly to moderately linked to the
common EF ability. Because the best models of the data include
both common and componential levels Miyake and Friedman
propose that EF has both unity and diversity. The Miyake and
Friedman model is represented in red in Figure 1l with solid
and broken lines representing stronger and weaker associations,
respectively.

3Miyake and Friedman refer to this component as “shifting,” but the term
“switching” is used more often in the literature on bilingualism.

BILINGUAL ADVANTAGES IN EF

In the last decade there have been numerous reports of bilin-
guals out performing monolinguals on a variety of tasks assumed
to reflect EF. These results have led to a widely held belief that
most bilinguals enjoy an advantage over monolinguals in EE In
a recent review Bialystok (2011) stated that “Studies have shown
that bilingual individuals consistently [emphasis added] outper-
form their monolingual counterparts on tasks involving executive
control” p. 229. In a follow-up it is reported that “... bilinguals
at all ages [emphasis added] demonstrate better executive control
than monolinguals matched in age and other background fac-
tors” (Bialystok et al., 2012, p. 212). Similarly, Kroll and Bialystok
(2013) observed that ... studies of executive function demon-
strate a bilingual advantage, with bilinguals outperforming their
monolingual counterparts on tasks that required ignoring irrele-
vant information, task switching, and resolving conflict [emphasis
added]” (p. 2). These unqualified conclusions are likely to lead
to inferences that benefits accrue from most types of bilingual
experiences and that they transfer to general abilities across both
verbal and non-verbal domains. Closer inspection of the full
range of outcomes suggests that greater caution be exercised, as
there are a growing number of failures to find differences between
bilinguals and monolinguals. Furthermore, when differences are
found the psychometric properties of the measures frequently
do not support generalizing the performance advantage from
the specific laboratory task(s) employed to domain-general and
real-world scenarios.

Hilchey and Klein (2011) reviewed 31 experiments using
non-verbal interference tasks (e.g., Simon or flanker tasks) and
concluded that evidence for a bilingual advantage in inhibitory
control in both children and young adults is rare and that the
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FIGURE 1| A hierarchical schema with performance on specific tasks
at the bottom and higher cognitive abilities (e.g., general fluid
intelligence) at the top. The Miyake and Friedman (2012) unity and

diversity model of executive functioning is presented in red; whereas the
Unsworth et al. (2014) multifacet model of working memory is
represented in blue.
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FIGURE 2 | Frequency of significant (p < 05) and non-significant

(p > 0.05) bilingual advantages for different numbers of participants
per language group. The histogram is based on Paap et al. (2014)
appendix that collated tests of either inhibitory control or monitoring in
non-verbal interference or switching tasks frequently used to measure
executive functioning. The tests are drawn from 35 reports appearing
outside Hilchey and Klein's (2011) review and includes 76 individual tests.

collective evidence “... is simply inconsistent with the proposal
that bilingualism has a general positive effect on inhibitory con-
trol processes” (p. 629). In contrast, Hilchey and Klein were
impressed with the relative frequency of bilingual advantages in
measures of monitoring, but in an update of their 2011 review
Hilchey et al. (2014) observe that the influx of new data strongly
repudiates their earlier conclusion that managing two languages
leads to bilingual advantages in monitoring.

BILINGUAL ADVANTAGES AND SMALL SAMPLE SIZES

Paap et al. (2014) tabulated 76 tests for bilingual advantages
appearing outside Hilchey and Klein’s (2011) review that includes
the 30 studies analyzed by Hilchey et al. (2014). The tests listed
by Paap et al. (2014) come from 35 different reports that used
either non-verbal interference tasks or non-verbal switching tasks
and derived measures typically associated with either inhibitory
control or conflict monitoring in non-verbal interference tasks
and either switching or mixing costs in non-verbal switching
tasks. Figure 2 is a histogram constructed from the studies listed
by Paap et al. (2014) showing the total of significant and non-
significant results as the number of participants per language
group increases. It is clear by visual inspection that since the
Hilchey and Klein review in 2011, that bilingual advantages tend
to occur when there are a small number of participants per lan-
guage group whereas null results occur both with small n and
large n.

Small n’s reduce an experimental design’s power to correctly
reject the null hypothesis, but as Bakker et al. (2012) demon-
strate with simulations, small n’s coupled with a bias against null
findings also results in an inflated rate of false positives. The
European Journal of Personality in its recent recommendations for

increasing replicability in psychological science urges increases in
sample size and the avoidance of multiple underpowered studies
(Asendorpf et al., 2013). If the effect of bilingualism on EF was
generously estimated to be of medium size (Cohen’s d = 0.5), if
the effect was tested with an alpha of 0.05, and if a researcher was
willing to accept a power of only 0.67, then one would need 36
participants in each of two language groups given a one-tailed
test and 48 in each group for a two-tailed test. Francis (2012)
bluntly asserted that “Studies with unnecessarily small sample
sizes should not be published” (p. 989). The specific role of small
n’s coupled with confirmation bias has been discussed in Paap and
Liu (2014) and Paap (2014).

LARGE SAMPLES SIZES AND "“IDEAL" BILINGUALS

Given the reasonable (although debatable) conjecture that ben-
efits of bilingualism are likely to develop to a maximum in
bilinguals who are highly proficient, acquire both languages early,
and reside in language communities where most people speak
the same two languages and switching is ubiquitous; the studies
by Dunabeitia et al. (2014), Antdn et al. (2014), and Gathercole
et al. (2014) deserve special attention. Dunabeitia et al. (2014)
compared Spanish monolinguals (n = 252) to Basque-Spanish
bilinguals (n = 252) at six successive grades with respect to both a
verbal Stroop task and a number-size congruency task. Bilinguals
and monolinguals performed equivalently in these two tasks in
terms of global RT and across all the indices of inhibitory control
explored across all grade levels. Antén et al. compared a group of
180 Basque-Spanish bilingual children with a group of 180 care-
fully matched monolinguals on an ANT version of the flanker
task. The comparison between the language groups was consis-
tent and null: no inhibitory advantage (incongruent-congruent),
no global RT advantage, no alerting advantage, and no orienting
advantage. The Gathercole et al. study of Welsh-English bilinguals
was a lifespan study testing seven age groups (from 3 years of age
through over 60). They reported no systematic language-group
differences on three tasks assumed to reflect EF: dimensional card
sorting (N = 650), Simon (N = 557), and a grammaticality judg-
ment with irrelevant semantic anomalies (N = 354). All three
studies share the strengths of using bilinguals immersed in a bilin-
gual region, monolingual control groups from the same country,
a very large number of participants, multiple age groups, and
multiple measures of EE. In summary, the many recent failures
to find language-group differences strains to the breaking point
the conclusion that managing two languages consistently leads to
performance advantages favoring bilinguals. On the other hand,
these failures do not preclude the possibility that the cumula-
tive research enterprise will eventually hone in and identify the
specific aspects of managing two languages that enhance specific
components of EF.

CONVERGENT VALIDITY

MEASURES OF INTERFERENCE CONTROL

The replicability problem is compounded by the fact that mea-
sures and tasks typically used to demonstrate bilingual advantages
appear to lack convergent validity. This may be viewed as sur-
prising given the preceding discussion of Miyake and Friedman’s
work, but there are subtle differences between their work and
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research reporting bilingual advantages. Most tests for a bilingual
advantage in EF in adults have focused on only two of the three
components studied by Miyake and Friedman (viz., switching and
inhibition, but not updating). Furthermore the early reports of
bilingual advantages often used the Simon task, a task that was
never included in any of the Miyake and Friedman studies using
confirmatory factor analysis. It should also be noted that Miyake
and Friedman report that the latent variable for inhibition is not
separable and that the factor loading from specific interference
tasks (i.e., the observed measures) to the inhibition factor are
weaker than those observed for updating and switching.

When two or more measures of inhibitory control are tested
in the same experiment the cross-task correlations are often not
significant. Paap and Greenberg (2013) discuss five studies (Fan
etal., 2003; Stins et al., 2005; Humphrey and Valian, 2012; Kousaie
and Phillips, 2012) that yielded 10 non-significant cross-task
correlations and a structural equation study that found no sig-
nificant association between the flanker and Simon task (Keye
et al., 2009). In their own work Paap and Greenberg (2013)
reported near zero correlations between RTs on antisaccade trials
and the magnitude of the Simon effect (Study 1, r = —0.12) and
between the magnitude of the Simon and flanker effects (Study
3, r = —0.01). Shilling et al. (2002) reported that all six pair-
wise correlations between four variants of the Stroop task* were
non-significant with r’s ranging from —0.13 to 40.22, n = 49.
Similarly, the correlation between the standard Stroop and the
non-verbal Stroop (number-size congruency) used by Dufiabeitia
et al. was small, r = +0.14; albeit significant, p < 0.05, with an
n of 504.

A somewhat more promising picture arises from studies by
Unsworth and colleagues (Unsworth et al., 2009, 2012, 2014;
Unsworth and Spillers, 2010) who used latent variable techniques
to assess the relationship between attentional control (AC), work-
ing memory capacity (WM), secondary memory (SM), and gen-
eral fluid intelligence (gF). These relationships are represented in
blue in Figure 1. The AC construct was tested using four tasks
that they view as requiring either constraining (arrow flanker),
restraining (antisaccade and Stroop), or sustaining (psychomotor
vigilance) attention. The first two categories of AC (constrain-
ing vs. restraining) honor the traditional distinction between
interference control (suppression of interference due to stimulus
competition) and response inhibition (suppression of prepotent
responses)’. In other words, the AC construct in the Unsworth
studies approximates the inhibition construct in the Miyake and

4In addition to the standard Stroop where colors were incongruently paired
with words, arrows were incongruently paired with words, small-component
digits were incongruently paired with the larger digit they formed, and a count
of the number of digits in a row was incongruently paired with the value of
the repeated digit.

>Qur use of the term inhibitory control ignores the distinction between
interference control (suppression of interference due to resource or stimulus
competition) and response inhibition (suppression of prepotent responses).
The task-impurity problem makes it very difficult to isolate the different
interference-related processes and Friedman and Miyake (2004) have shown
that separate latent variables for interference control (e.g., the flanker effect in
their study) and response inhibition (e.g., antisaccade and Stroop effects) are

Friedman studies. Thus, when comparing and contrasting these
studies we will often refer to the “AC-Inhibition” factor.

The correlations between the tasks forced to load on the AC-
Inhibition factor in the Unsworth studies were relatively small,
but always significant. More specifically across three studies, the
correlations between antisaccade accuracy and flanker interfer-
ence were all significant (p’s < 0.05) and ranged from —0.25
to —0.35. Only one of the studies (Unsworth and Spillers, 2010)
measured Stroop interference and that measure significantly cor-
related with both antisaccade accuracy, r = —0.15, p < 0.05, and
flanker interference, r = 0.17, p < 0.05, with n’s of 181.

These small, but significant cross-task correlations mirror the
Miyake and Friedman findings, but contrast with the many stud-
ies reviewed in the preceding section that showed non-significant
cross-task correlations. Perhaps a fair summary of the review to
this point is that individual tasks assumed to measure inhibitory
control tend to show weak (at best) convergent validity with
one another, while at the same time the latent variable for the
inhibiting component is consistently related to the updating and
switching components or to EF as a unitary construct. It is some-
what unsettling that interference control appears to be, on the one
hand, the glue that holds the EF construct together while, on the
other hand, resisting all attempts to find a gold standard or bench-
mark task that can be used as a general measure of inhibitory
control.

MEASURES OF UPDATING AND WM

The confirmatory factor analyses reported by both Miyake and
Friedman and Unsworth’s group (2010) include a construct
intended to represent the controlled manipulation of information
in primary memory. Miyake and Friedman refer to this construct
as Updating and typically use these tasks: letter-memory, keep-
track of the last instance of several semantic categories, and visual
memory for the spatial location of objects appearing two trials
back. Across the Miyake and Friedman studies there is strong evi-
dence for convergent validity: the mean factor loading for a total
of nine Updating tasks was +0.56. Zero-order correlations are not
always reported, but range from +0.28 to 4 0.41.

In contrast, the Unsworth group refers to their construct as
WM and use the classic “storage and processing” tasks devel-
oped by Engle (2001): reading span, operations span, counting
span, and symmetry span®. The span tasks also show good con-
vergent validity with each other. Although the symmetry span
task consistently showed the lowest factor loading, the mean
factor loading of 13 span measures across five different studies
was +0.75. Similarly, the mean zero-order correlations between
11 pairs of span tasks was 4-0.57. There appears to be very good
convergent validity among the WM span tasks, perhaps even bet-
ter than the impressive factor loadings and cross-task correlations
reported for the Updating tasks.

highly correlated (0.68). In their other studies, where both interference con-
trol and response inhibition tasks are forced to load on one “inhibiting” factor,
the factor loadings are only moderate in size.

OIn recent studies (Unsworth et al., 2014) WM is further distinguished
between the manifest measures of storage capacity (WM-S) and the measures
of processing speed on the “operations” task (WM-P).
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Although one might expect that Updating and WM are
the same construct and provide similar measures of the abil-
ity to manipulate information in primary memory, the exist-
ing evidence suggests only a moderate relationship. Engle et al.
(1999) reported that the correlations between the keep track (an
Updating measure) and three WM span tasks ranged from +0.22
to + 0.36. Similarly, Miyake et al. (2000) reported that the corre-
lations between the Ospan (a WM measure) and three Updating
tasks ranged from 40.28 to 4+-0.41. To use Miyake and Friedman’s
terms, WM and Updating are related, but appear to be quite
separable.

The treatment of WM in the literature on bilingual advantages
in EF has varied in important ways. To take just one example,
Prior and MacWhinney (2010) in their seminal test for differences
in switch costs use the operations span task as a matching variable
to demonstrate that their samples of monolinguals and bilinguals
were not confounded by differences in WM. Although Prior and
MacWhinney do not elaborate on their treatment of WM, casting
WM in the role of a control variable implies that it is a potential
“mediator” (Baron and Kenny, 1986) that could provide an alter-
native causal explanation for the association between bilingualism
and EF ability. This seems too simplistic because the confirma-
tory factor analyses reported by the Unsworth group in all four
studies showed that the latent variable for WM is highly related
to the AC-Inhibition latent variable (mean r = 0.54). Thus, if
instead of viewing WM as a mediator, it is treated as one of the
core components of shared EF, then one would expect that advan-
tages in inhibitory control to often be accompanied by advantages
in WM. A similar logic led Ratiu and Azuma (2012) to com-
pare 52 Spanish-English bilinguals to 53 English monolinguals
on four different WM tasks. Ratiu and Azuma reported no bilin-
gual advantages in any of the four tasks, including the non-verbal
symmetry-span task.

MEASURES OF MONITORING

The current trend in the literature on bilingual advantages is to
appeal to monitoring (e.g., Costa et al., 2008) or loosely defined
constructs such as coordination or mental flexibility (e.g., Kroll
and Bialystok, 2013) as the essence of the bilingual advantage in
EF. Monitoring is often described as the ability to monitor for
goal-relevant information and/or detect conflict from compet-
ing information that may become the target for inhibition. Global
RT (the average across both congruent and incongruent trials) or
simply the mean RT on congruent trials is often used as a mea-
sure of monitoring. A better test for a “monitoring” advantage
would compare the mean RT on congruent trials from a mixed
block to a baseline RT consisting of trials where conflict never
occurs. Yet another common measure of monitoring ability is the

mixing-cost measure computed from switching tasks. Across a
variety of measures the overall pattern of correlations reviewed
by Paap and Greenberg (2013) showed no convergent validity.

PURPOSE

Multiple tasks and measures of EF are rarely included in the same
test for bilingual advantages in EE The present study enables the
derivation of 13 different measures of EF from four common
non-verbal tasks: antisaccade, color-shape switching, Simon, and
ANT. Language group differences are more compelling if they
significantly appear in more than a single task. A second impor-
tant goal was to assess the convergent validity through cross-task
correlations of indices assumed to measure the same component
of EE.

METHOD

PARTICIPANTS

The 120 participants were San Francisco State University (SFSU)
students who participated in order to fulfill a class requirement
or for extra credit. The study was approved by the SFSU IRB.
The vast majority were junior and senior psychology majors.
Proficiency in a spoken language was self-rated using the 7-point
scale described in Paap and Greenberg (2013) and we used the
same criteria to classify participants as bilinguals (viz. a profi-
ciency of 4 or more in at least two languages) or monolinguals.

Language characteristics

Table 1 shows the basic language characteristics of the two lan-
guage groups participating in the present study. The mean profi-
ciency in English for both groups was well over 6 and the median
and mode for both groups was 7. For the bilinguals the mean pro-
ficiency in their other language was 5.7 with a median and mode
of 6.0. A rating of 6 represents Fluent: as good as a typical native
speaker and a rating of 7 represents Super Fluency: better than a
typical native speaker. As a group our bilinguals are highly flu-
ent in at least two languages and 25% are fluent in three or more
languages.

Of the total set of 58 bilinguals 16 are native speakers of both
English and one other language, 10 are native speakers of English
and acquired another language as an L2, and the remaining 32
acquired English as an L2 and are native speakers of a language
other than English. The median age-of-acquisition for the bilin-
guals who had only one native language and acquired an L2
was 6.0 years of age. In addition to English our bilingual group
included fluent speakers of Spanish (35), Vietnamese (6), French
(6), Cantonese (5), Hindi (5), Urdu (4), Punjabi (3), Tagalog
(2), Russian (2), Mandarin (2), Arabic (1), Bulgarian (1), Farsi
(1), German (1), Greek (1), and Italian (1). Slightly over half of

Table 1 | Language characteristics of monolinguals and bilinguals: mean (SE).

Group N English Pro. Other Pro. English reading English AoA Other L AocA % English use Switch frequency
Bilinguals 58 6.3(0.12) 5.7(0.18) 3.8(0.13) 3.9 (0.64) 2.3(0.75) 70.1 (2.9) 2.8(0.19)
Monolinguals 62 6.6 (0.07) 1.3(0.18) 3.9(0.10) 0.2(0.12) 9.0 (1.0) 96.8 (1.2) 0.4 (0.10)

n, sample size; SD, standard deviation; Pro., proficiency, AoA, age of acquisition.
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our bilinguals acquired English as an L2, but even this subset of
bilinguals rate their English proficiency as 5.9 on average.

Our bilinguals are full-time students at a university where
English is the language of instruction and consequently spend
substantial amounts of time producing and comprehending
English. Despite their role as students, almost all of our bilinguals
currently use both languages every day. They report speaking
English 70% of the time.

When asked to report their frequency-of-switching on a
5-point scale the median and modal response was 3: a couple of
times a day. We also asked the bilinguals to estimate the percent-
age of time spent thinking in English vs. the other languages they
knew. Only one bilingual, whose native language was Vietnamese,
reported thinking exclusively in English.

Some researchers are skeptical about the accuracy of self-
ratings of language proficiency, but self-ratings are highly cor-
related with a range of objective and standardized measures of
language proficiency. For example, a study by Marian et al. (2007)
correlated self-report measures of reading, speaking, and listening
proficiency with eight different standardized measures of lan-
guage skill involving reading, writing, speaking, and listening and
covering both comprehension and production. These correlations
were obtained for both L1 and L2 where L1 was defined as the
language a bilingual acquired first. For L2 (the proficiency of
greatest concern in classifying an individual as bilingual), all 24
correlations between the three subjective measures and the eight
objective measures were significant with Pearson r values ranging
from 0.29 to 0.74 with a mean of 0.59. Taking all of their results
into account Marian et al. concluded that self-ratings are “an effec-
tive, efficient, valid, and reliable tool for assessing bilingual language
status.” (p. 960). In a similar study Francis and Strobach (2013)
reported that self-ratings in both English and Spanish are highly
predictive of standardized objective measures.

In other studies conducted in our lab (Paap and Greenberg,
2013; Paap and Liu, 2014) using the same population of student
participants and the same recruiting methods self-rated English
proficiency significantly predicted performance in: (a) a sentence
comprehension task requiring resolution of lexical ambiguity (b)
judging if sentences contain a semantic anomaly, (c) judging if
sentences contain a syntactic error, (d) judging if letter strings are
English words or non-words, (e) category fluency (number of cor-
rect responses to a category probe), and (f) reading time to critical
word in sentences with a semantic anomaly or syntactic error.

Demographic characteristics

Table 2 shows the means and standard deviations for the two
language groups on six characteristics that are not related to lan-
guage, but that may influence task performance. These include the
level of education of the participant’s most highly educated parent
(PED) and age. The measure Frequency Multitasking is a compos-
ite of responses to four items from our background questionnaire
that tap into the individual’s multitasking experiences. Another
characteristic shown in Table 2 is a self-rating on a 5-point scale of
the degree to which the individual excels at team sports. The final
characteristic assesses the individual’s attitude toward multitask-
ing rather than the frequency of actual behaviors. The differences
between the means for bilinguals and monolinguals on each of

Table 2 | Other characteristics of bilinguals and monolinguals in
Experiment 2: mean (SE).

Group PED Age Frequency Excel team  Attitude
multitasking sports multitasking

Bilingual 3.7(0.23) 24.4(0.78) 14.8(0.55) 2.4(0.15) 2.4 (0.15)

Monolingual 4.3 (0.19) 24.8 (1.1) 14.4 (0.50) 2.5(0.14) 2.4(0.13)

PED, parent’s educational level.

these six characteristics were evaluated with a set of ¢-tests. Five
of the mean differences were negligible and yielded p’s > 0.55.
There were marginal differences for PED.

PED information was obtained with a six-point rating scale
where level 3 represents attended college, but did not graduate and
level 4 represents earned an associate of arts or other two-year
degree. The mean PED score for the bilinguals (3.71) was smaller
than that for the monolinguals (4.29), but the difference was not
significant using the standard alpha level of 0.05, #(;11) = —1.96,
p = 0.053. This potential problem will be thoroughly addressed
later, but the short version is that across a very large sample of
SESU students the correlation between PED and several measures
of EF ability are non-significant and usually near zero.

SIMON TASK
The Simon task was identical to the one used in Studies 2 and 3
by Paap and Greenberg (2013).

Trial definition

Each trial began with the presentation of a center fixation (+) for
500 ms. The center fixation was immediately followed by the tar-
get stimulus which was either a “Z” or a “/” The participant’s task
was to press the corresponding key as quickly as possible without
making errors. The left index finger rested on the “Z” key and the
right index finger rested on the “/” key. In a neutral block the tar-
get was displayed either 2.3° above or below the center fixation.
In a Simon block the target was displayed either 3.9° to the left
or to the right of the center fixation. In a Simon block a trial was
defined as congruent if the location of the target was on the same
side as the correct response and as incongruent if the location of
the target was on the opposite side.

Design

The critical Simon blocks were always the last two of four blocks.
Each Simon block consisted of 20 congruent trials and 20 incon-
gruent trials presented in random order. Half the trials of each
type presented the target on the left with the other half presented
the target on the right. Thus, the mean response time (RT) for
the four conditions defined by the combination of two blocks and
two levels of congruency (congruent vs. incongruent) were each
based on 20 trials and when collapsed across blocks of 40 trials.
In the first two blocks of trials the target was displaced either
above or below the center fixation. This creates a “neutral” con-
dition because the location of the target is neither compatible nor
incompatible with pressing the “Z” key on the left or the “/” key
on the right. Block 1 provided 20 trials of practice in the neutral
condition and was followed by a 40-trial Block 2.
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COLOR-SHAPE SWITCHING TASK

The color-shape switching task was identical to that used by Paap
and Greenberg (2013) in Studies 1-3. The task was patterned on
that used by Prior and MacWhinney (2010).

Trial definition

Each trial began with the presentation of a center fixation (4) for
350 ms and then a blank screen for 150 ms. The left middle and
index fingers rested on the “Z” and “X” key, respectively. The right
index and middle fingers rested on the “” and “/” keys, respec-
tively. In a pure color block the participant’s task was to press the
“Z” key if the target was blue and the “X” key if it was red. In a
pure shape block the task was to press the “” key if the target was
a circle and the “/” key if it was a triangle. The target set consisted
of a blue circle, a blue triangle, a red circle, and a red triangle.

In a mixed block the target was preceded by a precue for 250 ms
that remained in view until the participant responded to the tar-
get. If the precue was a rainbow then the participant had to make a
color decision when the target appeared. If the precue was a black
circle embedded within a black triangle then the participant had
to make a shape decision when the target appeared. Participants
were instructed to respond as quickly as they could on the basis
of the precued dimension (viz., color or shape). Each trial was
designated as a “repeat” trial if the cued decision was the same as
on the previous trial and a “switch” trial if it was different. Each
target and precue subtended about 1.83° of visual angle with the
center of the precue appearing 2.3° above the center of the fixation
stimulus and the upcoming target.

Design

The task consisted of six blocks. The first block of 16 trials was
“pure” color. Each of the four targets appeared four times in
random order. The second block of 16 trials was “pure” shape
with each of the targets appeared in random order. Following
Block 2 the “mixed” task was introduced with detailed instruc-
tions regarding the use of the precue to signal whether a color
or shape would be required on each specific trial. Each of the
four “mixed” blocks started with two bulffer trials that were not
analyzed. Block 3 was a practice block and consisted of 18 trials
(including the two buffers). Blocks 4—6 each consisted of 50 tri-
als (including the two buffers). A single random order was used
for every participant. Each of the four targets appeared 36 times
across Blocks 4—6 and there were 72 repeat trials and 72 switch
trials.

ANTISACCADE TASK

The task was identical to that used by Paap and Greenberg in their
Study 1. The design, materials, and procedure for the antisaccade
task were closely modeled from those used by Kane et al. (2001).

Trial definition

Experimental trials consisted of the following sequence of events:
(1) a center fixation (***) was presented for a variable duration
(i.e., 600, 1000, 1400, 1820, 2200 ms) in order to introduce tem-
poral uncertainty; (2) a blank field for 100 ms; (3) a “#” sign for
100 ms displaced 2° to the opposite side from the eventual target;
(4) ablank field for 50 ms; (5) the “#” sign in the same location for
100 ms; (6) a target letter (“B,” “P” or “R”) for 150 ms displaced

a comparable extent on the opposite side; (7) a mask (“8”) pre-
sented until the response. The target and mask subtended about
0.9° of visual angle. The task on each trial was to identify the tar-
get stimulus (i.e., “B,” “B” or “R”) by pressing the key with the
corresponding label using three fingers of the right hand.

The baseline trials presented no opposite field distracter and
consisted of these events: (1) a center fixation (***) was presented
for a variable duration (i.e., 600, 1000, 1400, 1820, 220 ms); (2) a
blank field for 100 ms; (3) a centered target-letter (“B,” “P,” or “R”)
for 150 ms; and (4) a mask (“8”) presented until the response.

Design

The antisaccade trials were preceded by a block of control tri-
als that used a centered target and no distracting stimulus. The
control trials provided a baseline response time (RT) that should
require little or no EF. The trials were organized and presented in
the following order. A practice block consisted of 15 baseline tri-
als, one at each combination of 5 fixation durations and 3 target
letters and presented in random order. Block 2 was identical to
the first block and provided the baseline RTs. Block 3 was 30 anti-
saccade trials formed by the random combination of: 5 fixation
durations by 3 target letters by 2 sides (left and right).

ANT TASK
The ANT task was similar to that developed by Fan et al. (2002)
and identical to the one used by Paap and Greenberg (2013).

Trial definition

The congruent display consisted of a central arrow pointing either
left or right and two flankers on each side pointing in the same
direction. A single arrow subtended about 0.9° of visual angle
and the entire horizontal extent of the five-arrow stimulus was
about 6.3°. In the incongruent displays the flankers pointed in the
opposite direction from the central target arrow. The sequence of
events was as follows: (a) a fixation point (a plus sign) appeared
at the center of the screen and remained throughout the trial, (b)
a cue (described below) was presented for 100 ms, (c) followed by
the fixation field for an additional 400 ms, and then (d) the target
display until the participant’s response or for up to 1700 ms. The
target was vertically displaced either 1.2° above or below the fixa-
tion point. Participants were instructed to press the “z” key with
their left index finger if the target arrow pointed left and to press
the “/” key with their right index finger if the target arrow pointed
right.

Consistent with the ANT methodology four types of cues were
used. On “no cue” trials the 100 ms cue display is simply a con-
tinuation of the centered fixation point (4). Obviously it affords
no information about the temporal onset or spatial location of
the upcoming target. The “double cue” display consists of a two
¢ symbols above and below the fixation point. This provides no
information about the location of the upcoming target, but does
reduce the temporal uncertainty. Subtracting the means of the
double cue trials from the no cue trials yields the alerting effect.
The third type of cue is the “central cue” that simply replaces
the + fixation point with the ¢ symbol. It does reduce temporal
uncertainty, but provides no cue to spatial location. In contrast,
the “spatial cue” display adds a valid diamond cue above or below
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the fixation point. As both the “central cue” and “spatial cue” dis-
plays provide the same advantages in alerting, the mean of the
“spatial cue” trials can be subtracted from the mean of “central
cue” trials to derive the orienting effect.

Design

Block 1 consisted of 20 neutral trials where all the targets consisted
of a centered arrow and the flankers were dashes. Each target was
randomly preceded by one of the four cue types. Block 1 is similar
to the block of neutral trials that initiated the Simon task and,
likewise, enables the computation of mixing costs by subtracting
the mean of these neutral trials from the mean of the congruent
trials in the experimental blocks that randomly mix conflict and
no-conflict trials.

Blocks 2 through 5 were standard ANT blocks with 50% con-
gruent and incongruent trials. Block 2 consisted of 16 trials and
was considered practice. Blocks 3-5 each consisted of 64 tri-
als with 8 repetitions of the combinations formed by 2 target
types (congruent vs. incongruent) x 4 cue displays. Thus, given
standard practice for analyzing each attentional network (execu-
tive attention, alerting, and orientating) in the ANT each block
provided 32 trials of each condition (e.g., 32 congruent and 32
incongruent trials) and overall means were based on 96 trials. The
trials within each block were randomized.

RESULTS

DEFINITION OF 13 MEASURES OF EF

Table 3 shows the 13 measures of EF that were computed for
each participant from performance across the four tasks. For each
measure both the common name (e.g., flanker effect) and the
operational definition (e.g., mean RT incongruent trials — mean

RT congruent trials) are provided. Also shown is the block to
block reliability for each measure.

Antisaccade task

The mean RTs in a pure block of antisaccade trials has been used
as a measure of inhibitory control. Because our design included a
block of baseline trials where there was no distractor and the tar-
gets were presented at fixation, a second measure of inhibitory
control subtracts the mean RT on the baseline trials from the
mean RT on antisaccade trials. The measure is referred to as
antisaccade costs. Because the primary dependent variable in anti-
saccade trials is often accuracy (e.g., the Unsworth studies), two
additional measures were derived from the antisaccade task using
proportion correct rather than RT.

Simon and ANT task

Three similar measures of RT were derived for both the Simon
and ANT task. For each task a measure of inhibitory control was
defined as the difference in mean RT between the congruent and
incongruent trials (i.e., the standard Simon/flanker interference
effect). Despite the acute impurity problem, global RT (the mean
RT across both the congruent and incongruent trials) has often
been used as measure of monitoring and for continuity we also
treat global RT as a measure of EF. An arguably more pure mea-
sure of monitoring subtracts the mean RT of a baseline condition
from the mean of the congruent trials (from a block that ran-
domly mixes congruent and incongruent trials). For the Simon
task the baseline condition is a block of trials where the targets
are displaced above or below fixation rather than to the left and
right. For the flanker effect the baseline conditions is a block of
trials where the flankers are dashes rather than arrows. These two

Table 3 | Block to block reliability of 13 assumed measures of EF.

Task Operational Definition Trials per condition SBP P
Measure 1st 2nd

ANTISACCADE

RT Mean RT of all antisaccade trials 60 0.90 <0.01
RT cost Mean RT anti — mean baseline 60 30 0.53 <0.01
PC Mean PC of all antisaccade trials 60 0.94 <0.01
PC cost Mean PC — mean baseline 60 30 0.72 <0.01
FLANKER

Effect Mean RT incongruent — congruent 96 96 0.75 <0.01
Mixing costs Mean RT congruent — mean baseline 96 20 0.92 <0.01
Global RT Mean RT across congruent and incongruent 192 0.89 <0.01
Shifting cost Mean RT shift trials — repeat trials 96 0.82 <0.01
SIMON

Effect Mean RT incongruent — congruent 40 40 0.65 <0.01
Mixing costs Mean RT congruent — mean baseline 40 20 0.70 <0.01
Global RT Mean RT across congruent and incongruent 80 0.93 <0.01
SWITCHING

Switch cost Mean RT switch trials — repeat trials 48 48 0.78 <0.01
Mixing cost Mean RT repeat trials — pure trials 48 32 0.79 <0.01

PC, Proportion Correct; SBF, Spearman-Brown Prophecy correlation; p, exact probability. SBP for Flanker measures are averages of Block 1 to Block 2, Block 2 to

Block 3, and Block 1 to Block 3.
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measures of monitoring are referred to as flanker mixing costs and
Simon mixing costs.

Costa et al. (2008) also reported bilingual advantages in shift-
ing costs in their ANT task and this measure was also computed
in our study. Shifting costs are the context or sequential depen-
dency effects that occur in the mixed block where congruent (C)
and incongruent (I) trials are randomly presented. The congru-
ency of the current trial is either the same as the previous trial
(represented as cC or il) or different (cI or iC). The shifting cost
measure is the differences between trials that require shifting (cI
and iC) compared to no-shift trials (cC and il).

Color-shape switching task

Two measures of EF are derived from the color-shape switching
task. The differences between the repeat trials and switch trials
from the block where the required decision is precued during each
trial are referred to as switching costs and are usually assumed to
reflect the efficacy of the ability to switch’. The second measure
is the difference between the mean of the single task (pure color
or pure shape) trials and the repeat trials from the mixed block.
This difference is referred to as mixing costs and is usually assumed
to provide a measure of the monitoring component (including
preparation for a possible switch) of EE.

RESULTS ON THE EFFECTS OF BILINGUALISM

The RT analyses were based only on trials with correct responses.
The standard deviation (SD) for the experimental trials of each
individual participant were computed and RTs that exceeded 2.5
SDs were trimmed (Ratcliff, 1993). In all cases there were less
than 2.7% trimmed responses. Three participants (2 bilingual,
1 monolingual) were deleted from the analyses of the antisac-
cade task because their accuracy levels were near chance levels.
No participants were removed for performance reasons in any of
the other three tasks.

MAIN EFFECTS FOR DIFFERENCE SCORE MEASURES
Nine of the 13 measures shown in Table 3 are differences scores.
For each a dependent measures t-test (collapsed across language
groups) compared the mean for the “difficult” condition to that
for the “easy.” For example, the overall flanker effect was 85 ms
based on a mean of 593 ms on the incongruent trials compared to
only 508 on the congruent trials. The condition means, standard
errors, t values, and the exact probabilities are shown in Table 4.
Seven of the 9 differences are highly significant with p < 0.001.
The mean proportion correct on the antisaccade trials was not
significantly different from that on the block of neutral trials and
overall accuracy was at 90%. Based on Paap and Greenberg the
primary dependent measure for this instantiation of antisaccade
costs should be RT rather than accuracy and the RT costs were
highly significant.

The only problematical outcome is the Simon mixing costs in
that the RTs on the neutral block and those on the congruent trials
from the mixed block are nearly identical. If conflict monitoring

7It is generally agreed that switching costs may reflect not only the ability to
switch mental sets, but also the ability to replace or inhibit the rule active on
the previous trial.

Table 4 | T-tests for main effects of trial type.

Task Easy Difficult Diff. t p
Measure Mean SE  Mean SE

ANTISACCADE

RT cost 564  19.62 610 19.86 46 4.19 <0.001
PC cost 0.900 0.017 0.909 0.014 -0.013 —1.517 0.134
FLANKER

Effect 508 6.64 593 7.28 85 32.58 <0.001
Mixing costs 484 7.18 508 6.64 24 4.40 <0.001
Shifting cost 542 7.04 553 7.00 10 5.64 <0.001
SIMON

Effect 467 8.92 499 7.48 32 8.46 <0.001
Mixing costs 470 8.00 468 9.38 -2 0.61 0.545
SWITCHING

Switch cost 819 30.94 1026 37.61 206  15.75 <0.001
Mixing cost 567  19.07 819  30.94 253 10.05 <0.001

PC, Proportion Correct; SE, standard error; Diff., difficult mean—easy mean; t,
obtained t statistic; p, exact probability.

is required in the mixed block, but not in the neutral block, then
there should be longer RTs for the congruent trials in the mixed
block. The neutral block displaced the target above and below the
fixation rather than to the left or right. Although the vertical dis-
placement eliminates the conflict between, for example, a spatial
location on the left and a more distal and incompatible correct
response by the right hand; shifting attention up or down may
be more difficult than shifting attention to the left or right. The
mixed block may also have benefited from additional practice. In
any event, the fact that mixing costs in the Simon task had a mean
near zero does not imply that it could not serve as a good mea-
sure of individual differences in monitoring. That is, participants
with positive differences may be better monitors than those with
negative differences. This result for mixing costs in the Simon task
is not due to an unusually weak instantiation of the basic Simon
task as the 32 ms main effect is in the precise interval that Lu and
Proctor (1995) characterize as the typical Simon effect®.

SIMPLE T-TESTS FOR THE 13 MEASURES OF EF

Table 5 shows the results of independent group t-tests for each
of the 13 measures of EE. Six of the 13 are in the direction of a
bilingual advantage, but the t statistics for this subset are all non-
significant with p values > 0.09. Three of the measures showed
a significant monolingual advantage: antisaccade RT (p = 0.027),
Simon global RT (p = 0.006), and the Simon effect (p = 0.006).
A monolingual advantage for mixing costs in the switching task
might be considered marginally significant (p = 0.105), as might
the bilingual advantage in the flanker effect (p = 0.090).

8The typical Simon effect is much smaller than the typical flanker, Stroop, or
task switching effect and, consequently, the conflict may not rise to the same
level of conscious awareness. The role this may play in amount of processing
resources allocated to conflict monitoring would be an interesting topic for
future research.
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Table 5 | T-tests for language group differences for the 13 measures
of EF.

Task Bilingual Monolingual Diff. t P
Measure Mean SE  Mean SE

ANTISACCADE

RT 657 36 567 19 +90 2.25 0.027
RT cost 34 17 41 N -7 —0.36 0.720
PC 0916 0.019 0928 0.015 -0.013 -0.52 0.603
PC cost 0.004 0.009 0.022 0.015 -0.018 —-1.01 0.317
FLANKER

Effect 81 3.84 89 3.46 -89 —1.71 0.090
Mixing costs 21 7.19 26 8.10 —-4.8 —0.45 0.655
Global RT 558 9.59 537 9.76 20.5 1.560 0.136
Shifting cost 12 2.44 9 2.81 3.1 0.84 0.404
SIMON

Effect 41 3.79 28 3.50 13.2 257 0.012
Mixing costs =5 5.00 —4 5.16 -0.6 —0.09 0.931
Global RT 490 8.21 463 5.41 274 2.80 0.006
SWITCHING

Switch cost 200 18.21 212 1890 —-124 —-047 0.638
Mixing cost 294 4151 212 28.09 817 1.64 0.105

PC, Proportion correct; SE, standard error; Diff.,, bilingual mean—monolingual
mean; t, obtained t statistic, p, exact probability.

REGRESSION ANALYSES USING L2/L1 BALANCE AND PED AS
PREDICTORS

As reported earlier and shown in Table2 our monolinguals
have significantly higher PED scores compared to the bilin-
guals. However, PED does not predict performance on any of
the 13 measures of EE The largest correlation is between PED
and RT on antisaccade trials, r = —0.12, p = 0.232. All others
are smaller than r = 4-0.10 and six are within +0.05 of zero.
The absence of PED associations was also reported by Paap
and Greenberg (2013) drawing samples from the same student
population. For example, combined samples of 267 participants
yielded r’s of 4-0.042, 4-0.014, and —0.005 for PED and the Simon
effect, switching costs, and mixing costs, respectively. Paap and
Greenberg also formed subsets of monolinguals and bilinguals
that were precisely matched on PED scores and reported no dif-
ferences compared to the full set for any of the measures they
tested. Thus, there is no evidence to support the possibility that
the absence of bilingual advantages in the present study is due to
group differences in PED. As a final check, PED is included as a
predictor in the regression analyses reported next.

Kroll and Bialystok (2013) observe that it may be statistically
advantageous and conceptually superior to use a continuous mea-
sure of bilingualism rather than a dichotomy. Consequently in
the following regression analyses we used a balance measure of
bilingualism that is very similar to the one used by Bialystok
and Barac (2012). Balance was computed for each participant as
the ratio of minimum proficiency to maximum proficiency. For
example, a bilingual with a proficiency of 5 in English and 7 in
Cantonese would have a balance score of 5/7 or 0.71. A mono-
lingual with a proficiency of 1 in French and 7 in English would

have a balance score of 0.14. Given this operational definition the
range of balance scores is from 0 to 1.

In order to statistically control for differences in PED each of
the 13 measures was used as an outcome variable in a regres-
sion analysis that included both balance and PED as predictors.
The standardized beta coefficient for the balance predictor was
significant in only 1 of the 13 models, the one predicting the mag-
nitude of the Simon effect, p = +0.217, t = 2.244, p = 0.027.
The positive B coefficients indicates that as the balance score
increases, the magnitude of the Simon effect increases. This, of
course, reflects a bilingual disadvantage, not an advantage. The
two monolingual advantages revealed by ¢-tests comparing group
means (viz. antisaccade latency and Simon global RT) and the
marginally significant bilingual advantage with the flanker-effect
measure vanished in the regression analysis. On balance there
is no coherent evidence for language-group differences across
the 13 measures with the possible exception of the monolingual
advantage with the Simon effect.

REGRESSION ANALYSES USING FIVE DEMOGRAPHIC PREDICTORS

For each of the 13 measures a stepwise regression analysis was per-
formed using the following predictors: chronological age, video
gaming frequency, frequency of multitasking, attitude toward
multitasking environments, and ability at team sports. Eleven of
13 analyses yielded empty models and the other two consisted
of a single significant predictor: frequency of video gaming for
antisaccade RT costs (f = —0.248, t = —2.20, p = 0.030) and
attitude toward multitasking for Simon global RT (f = —0.208,
t = —2.029, p = 0.045). The negative coefficients are consistent
with the expectation that EF skills would be higher for gamers
and those with positive attitudes toward multitasking, but per-
haps the main message is that these demographic variables are
poor predictors of individual differences in EF.

DISCUSSION OF EFFECTS OF BILINGUALISM

All of the tasks and measures used in the present study were
identical to those used by Paap and Greenberg (2013) and the
participants were drawn from the same participant pool. With
respect to bilingual advantages the present and previous studies
are completely consistent: there were no statistically-significant
(p < 0.05) bilingual advantages. A puzzling finding was that the
monolingual advantage for the Simon effect reported by Paap and
Greenberg (2013) in their Study 3 and in their analysis of the
combined data from Studies 1 to 3 was replicated in the present
study in both the independent-groups ¢-test and in the regression
analysis that includes PED as an additional predictor. The com-
bined data from our lab suggests that there is a small monolingual
advantage in the magnitude of the Simon interference effect. The
overall Simon effect observed in Paap and Greenberg (32 ms) and
that observed for the present study (35ms) is very typical for
the task (Lu and Proctor, 1995) and this unanticipated language-
group difference cannot be attributed to either an unusually weak
or unusually strong instantiation of the Simon task. It would be
risky to assume that our Simon data reflects a monolingual advan-
tage in general inhibitory control because the same set of studies
show no language-group differences with respect to the magni-
tude of the flanker interference-effect or in switching costs. This
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inconsistency across measures will be discussed further in the
discussion of convergent validity.

The global RT measure for the Simon task also showed
a statistically-significant monolingual advantage. However, this
advantage appears to be spurious, or at least inconsistent with
the combined analysis of Paap and Greenberg’s Studies 1-3 that
showed a very small and non-significant monolingual advan-
tage (5ms) in global RT. As global RT is a very impure measure
of monitoring, it is also informative that the purer measure
of Simon mixing costs actually favors bilinguals, although that
advantage is far from significant. Likewise the significant mono-
lingual advantage in antisaccade RT was not significant in Study
1 of Paap and Greenberg (2013), nor were there any significant
language-group differences in the present study for either of the
two measures based on antisaccade accuracy or in the measure of
antisaccade RT costs. In summary, the only consistent difference
observed across the four fairly large n studies conducted in our
laboratory is a monolingual advantage in the Simon interference
effect.

RESULTS FOR CONVERGENT VALIDITY OF EF TASKS
SWITCHING

Switching costs derived from the color-shape switching task were
not correlated with the shifting costs (sequential dependencies)
derived from the mixed blocks of the ANT task, r = +0.04,
p = 0.664. Although some researchers (e.g., Bialystok and Barac,
2012) have assumed that task switching and trial-to-trial shifts in
congruency are more-or-less equivalent, the dissociation between
the two measures cautions that they should not be treated as the
same function.

In the Miyake and Friedman studies the measures from the
three switching tasks were significantly correlated, strongly loaded
on the shifting factor, and the shifting factor was separable from
the updating function. An investigation of the implicit associa-
tion test by Klauer et al. (2010) used a similar set of switching
tasks found significant cross-task correlations for two of the three
tasks, both of which strongly loaded on the switching factor, and
the switching factor was related to (but separable from) both the

inhibition and WMC factors. Overall, switching tasks appear to
enjoy good levels of convergent validity.

MONITORING

Table 6 shows the cross-task correlations for the five assumed
measures of the monitoring component. Global RT in the ANT
task is significantly correlated with global RT in the Simon task
(r = 40.60), but a host of non-executive processes may be con-
tributing to the association. This possibility is reinforced by
observing that the mixing costs for the Simon and ANT tasks yield
a negative and non-significant correlation (r = —0.09). Because
mixing costs in the color-shape switching task are also assumed
to reflect the monitoring component of EF, this measure can also
be correlated with the mixing costs obtained in the Simon and
ANT tasks: the correlation between mixing in the switching task
and mixing in the ANT task is near zero (r = +0.02), whereas
the correlation between mixing in the switching task and mix-
ing in the Simon task is significant (r = —0.22), but inexplicably
negative’. The present results reinforce the need for additional
work in operationally defining constructs like monitoring, coor-
dination, or mental flexibility and establishing their validity as
measures of EF. The measures currently used show no convergent
validity.

INHIBITORY CONTROL COMPONENT

Table 7 shows the cross-task correlations for the seven assumed
measures of inhibitory control. As discussed earlier, measures of
inhibitory control derived from the flanker, Simon, and Stroop
tasks have often shown low levels of convergent validity making
it highly likely that the conflict resolution mechanisms employed
are task specific rather than recruiting general-purpose inhibitory
control. In the present study the magnitude of the Simon effect
does not significantly correlate with the magnitude of the flanker
effect (r = +0.14). Measures derived from the antisaccade task
produced significant cross-task correlations in both the Miyake

°In Paap and Greenberg (2013) the correlations between mixing-costs in the
Simon and switching tasks were r = 0.00 (Study 2) and r = —0.04 (Study 2).

Table 6 | Correlations between assumed measures of the monitoring component of EF.

Measures of monitoring

Measures of monitoring

A B [ D E
A. Flanker mixing costs r +1.00 +0.162 —0.091 +0.009 +0.025
p 0.087 0.352 0.927 0.796
B. Flanker global RT r +1.00 —0.085 +0.597 +0.378
p 0.384 <0.001 <0.001
C. Simon mixing costs r +1.00 +0.225 —0.224
p 0.019 0.021
D. Simon global RT r +1.00 +0.233
p 0.014
E. Mixing cost (switch task) r +1.00
p

1, Pearson correlation; p, exact probability. Cross-task correlations significant with p < 0.05 are shown in bold. Operational definitions of the 5 measures appear in

Table 3.
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Table 7 | Correlations between assumed measures of the inhibitory control component of EF.

Measure of inhibitory control

Measure of inhibitory control

A B C D E F G
A. Flanker effect r +1.00 +0.140 +0.041 +0.001 +0.026 +0.071 +0.021
p 0.142 0.679 0.988 0.791 0.472 0.826
B. Simon effect r +1.00 +0.175 +0.066 +0.025 +0.069 +0.168
p 0.072 0.497 0.802 0.478 0.076
C. Antisaccade RT r +1.00 +0.446 0.312 +0.397 +0.397
p <0.001 0.001 <0.001 <0.001
D. Antisaccade PC r +1.00 +0.232 0.777 +0.072
p 0.015 <0.001 0.461
E. Antisaccade RT costs r +1.00 +0.285 +0.303
p 0.003 0.002
F. Antisaccade PC costs r +1.00 +0.072
p 0.461
G. Switch costs (switch task) r +1.00
p

I, Pearson correlation; p, exact probability. Cross-task correlations significant with p < 0.05 are shown in bold. Operational definitions of the 7 measures appear in

Table 3.

and Friedman studies and the Unsworth studies, but in the
present study not one of the four antisaccade measures yielded
significant cross-task correlations with either the flanker or Simon
effect, although the correlation between the Simon effect and
antisaccade RT came close, r = 4+0.17, p = 0.07.

Perhaps the most informative association revealed in the
present study is that both antisaccade RT (r = 4-0.40, p < 0.001)
and antisaccade RT costs (r = 40.30, p = 0.002) significantly
correlated with the switching costs derived from the switching task.
This correlation supports the view that switching involves not
only the instantiation of a new goal with a new set of relevant
information, but also the suppression of information relevant to
the previous goal. It is also consistent with Miyake and Friedman’s
report that the latent variables for switching and inhibition were
highly correlated.

DISCUSSION

CONSEQUENCES OF THE LACK OF CONVERGENT VALIDITY

As described above dependent variables that have been assumed
to measure either the inhibitory control or monitoring compo-
nents of EF show weak associations at best. How dire the implica-
tions are is a matter of perspective and for Salthouse (2010) they
are grim. To demonstrate his concern Salthouse had 265 partic-
ipants (in three age ranges) complete two versions of the flanker
task that were identical except for the materials. In the arrow ver-
sion an incongruent trial looked like this: << > <<; whereas
the letter version an incongruent trial look like this: GG H GG.
Twenty practice trials were followed by 100 experimental trials
consisting of 50 randomly ordered congruent and incongruent
trials. Both versions yielded highly significant flanker interference
effects, but the correlation between the two interference effects is
surprisingly low, r = +0.03, and non-significant!?

10As a general practice, Salthouse recommends that instead of isolating by
subtraction one should use the simple condition (e.g., congruent trials) as a

Regardless of what the flanker task is assumed to measure it
may not be useful in individual differences comparisons. If the
conflict present on the incongruent trials was resolved by employ-
ing an inhibitory mechanism not required on the congruent
trials, then the subtraction should capture individual differences
in that inhibitory mechanism and the cross-task (e.g., letter vs.
arrow) measures should correlate. That they do not, is more
consistent with a conceptual framework of the flanker task that
assumes that the same operations take place in both conditions,
but that those operations take longer and are more error prone
on incongruent trials. Salthouse arrives at these disconcerting
thoughts: “These results suggest that the flanker task may be
sensitive to conflict, but that at least in the current versions of
the task, there are little or no systematic individual differences
in the magnitude of the behavioral manifestations of this con-
flict. This suggestion merits additional research because it raises
questions about the wide-spread practice of using performance in
flanker tasks to assess individual differences in aspects of executive
functioning. ..” (p. 59).

Pragmatically speaking it is worthwhile to mention additional
reports of significant cross-task correlations within components
of EF. For 8-15 year olds the NIH Toolbox version of the flanker
task (including both a simple fish block and a more difficult arrow
block) did show convergent validity with the D-KEFs Inhibition
raw scores (viz., the incongruent condition of a Stroop color-word
interference task), rg;) = 0.34, p < 0.002 (Zelazo et al., 2013).
Each block consisted of 16 congruent and 9 incongruent trials
presented in pseudorandom order. The toolbox flanker task does

covariate in analyses of the complex condition (e.g., incongruent trials). The
method removes the linear effects of the simple condition and all subsequent
analyses can be conducted on the residual of the complex condition. For the
flanker data, this method also yields a non-significant correlation between the
letter and arrow tasks, r = 4-0.04.
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not include the various types of precues required to do an ANT
analysis.

Although the cross-task correlations and factor loadings in
Klauer et al. are smaller for their Inhibition factor compared to the
Switching and WM factors, their four interference tasks display
cross-task correlations somewhat stronger than those obtained
by Miyake and Friedman and much more promising than those
obtained in the present study and many previous studies. More
specifically, the factor loadings were 0.61 for the antisaccade task,
0.46 for the Simon, 0.35 for the Stroop, and 0.24 for the flanker
task. Given their popularity in the bilingualism literature, one
notes that the zero-order correlation between the Simon and
flanker effects was significant, 7 = 0.21, p < 0.05. The flanker task
was the same as that used by Friedman and Miyake (2004), did
not include the ANT version precues, but had increased working-
memory demands as there were two letters, rather than just one,
assigned to each response. The targets in the Simon tasks were
arrows pointing left and right and there were 72 congruent and
72 incongruent trials.

Another recent “success” at securing significant convergent
validity in interference control uses tasks described in Wostmann
et al. (2013). For present purposes the cross-task correlations
of interest were those between Simon interference and flanker
interference (r = 0.24, p < 0.01), Simon and Stroop (r = 0.28,
p < 0.01), and Stroop and flanker (r = 0.11, p = 0.001) for a
group of 534 adult participants (personal communication from
Ulrich Ettinger, Feb. 5, 2014). The targets used in the Simon task
were arrows pointing left or right, but there were 160 congruent
trials compared to only 60 incongruent. This produced an unusu-
ally large Simon effect of 71 ms. The flanker task was the arrow
version and included 40 trials each of congruent, incongruent,
and neutral trials.

This brief review of cases where interference measures signif-
icantly converged suggests that Simon tasks with arrow targets
(and perhaps with less frequent incongruent trials) may produce
larger Simon effects and more convergence than other variants.
The tea leaves are even more difficult to read for the flanker task,
but significance convergence seems to occur when the contrast
between congruent and incongruent trials is not perturbated by
the varying precue conditions needed to implement the ANT ver-
sion of the flanker task. It may also be the case that making the
flanker task more difficult by having multiple targets assigned to
each response may amplify the cross-task correlations. Another
aspect of the overall pattern is that significant cross-task correla-
tions on interference measures are more often obtained when the
n’s are very large. Thus taking a broad view, that glosses over dif-
ferences in how tasks are instantiated, one might conclude that the
interference effects obtained in the antisaccade, flanker, Simon,
and Stroop tasks do show low-levels of convergent validity that
will usually require large n’s to detect.

COGNITIVE ABILITIES DO NOT ADHERE TO A HIERARCHICAL
STRUCTURE

Relations between cognitive variables are often organized based
on the pattern of correlations. One useful organization is a hier-
archy with observed variables at the lowest level, various cognitive
abilities at intermediate levels, and a general fluid intelligence

(gF) factor at the highest level. Cattell (1971) originally defined
gF as the ability to discriminate relations and in contemporary
usage it is often conceptualized as the ability to reason, solve novel
problems, and adapt to new situations (Salthouse et al., 2008).
Because EF components like monitoring, updating, switching,
and inhibiting logically serve successful reasoning, problem solv-
ing, and adapting; EF should be related to gF. On the other hand,
high quality reasoning seems to require more than the sum of the
parts of EE This is, for example, consistent with the assumption
that the reasoning about relationships required by the Ravens test
leads to its characterization as a measure of gF and not EE. Putting
these hierarchically-driven assumptions together, measures of the
same component of EF (e.g., two measures of inhibitory control)
should strongly correlate, measures of EF that cross components
should moderately correlate (e.g., measures of inhibitory control
and switching) and measures of EF and gF should have the small-
est correlation. Unfortunately, the evidence does not support this
hierarchical structure. As already discussed tasks designed to mea-
sure the same component of EF are weakly associated at best. The
next sections shows that EF and gF are highly related and difficult
to separate.

CONSEQUENCES OF THE LACK OF DISCRIMINANT VALIDITY

Salthouse also showed that multiple measures of gF were strongly
related to several measures of EF (Salthouse et al., 2003, 2008). For
example, in Salthouse et al. (2008) the three updating variables
were highly related to gF; with the running memory requirement
of having to continuously update the most recently presented four
items as strongly related to the gF factor as the gF variables were
to each other.

Salthouse et al. (2003) similarly examined the convergent
and divergent validity of several “neuropsychological variables”
including the Wisconsin Card Sorting Task (WCST), a three-ring
tower puzzle, a variant of the trail-making test, and verbal flu-
ency to letter probes. When these neuropsychological variables
were forced to load on the same latent variable (labeled EF) they
showed moderate convergent validity with a mean loading of
0.54. Salthouse often uses a core set of “reference” factors (viz.,
gF, memory, processing speed, and vocabulary) that have demon-
strated convergent and divergent validity. When the neuropsy-
chological variables are allowed to load on any of the constructs
all of the “neuropsychological variables” that previously loaded
on EF became non-significant as each variable is more strongly
associated with one or more members of the core constructs.
For example, WCST loads primarily on gF (0.42), whereas verbal
fluency loads on both Speed (0.41) and Vocabulary (0.36). One
can certainly quibble about what processes, abilities, or functions
should be treated as core, but this type of analysis underscores
the importance of examining whether measures used to test for
language group differences in EF diverge from other cognitive
abilities.

If gF encompasses a broad spectrum of controlled processing,
then investigators working from different research traditions may
be giving different names to the same dimension of individual dif-
ferences. “Whether the dimension is labeled gF, working memory,
or executive processing, or some form of cognitive control may
reflect the research tradition of the investigator more than any
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fundamental differences among the concepts because it appears
that individuals would be ordered in nearly the same way with
variables from each of these perspectives” (Salthouse, 2010, p.
484).

The hierarchical structure perspective also invites considera-
tion of the role of EF as a theoretical construct in laboratory
tasks compared to its role in sustaining self-control in everyday
life. Duckworth and Kern (2011) point out the extraordinary
diversity of self-control as operationalized in various research
studies: refrain from pushing a button when a stop signal occurs,
choose between one marshmallow now or two later, your self-
rated longing for excitement, or your predilection for making up
your mind quickly. In a very large meta-analysis of 282 samples
and N = 33, 564 participants they conclude that self-control is a
coherent and multidimensional construct. For the present pur-
pose of examining the convergent validity between measures of
EF it interesting to discover that cross-task correlations across dif-
ferent types of self control were strongest for informant-report
questionnaires and weakest for laboratory-based EF tasks; the
very set relied upon to test for bilingual advantages in EF.

CONCLUSIONS

ARE THESE 13 INDICES MEASURING EF ABILITY?

The cross task correlations between indices assumed to measure
the same component of EF are not encouraging. For inhibitory
control the only measures that converged were antisaccade RT
and switching costs. The complete absence of convergence for
the flanker and Simon effects in the present data and in several
previous studies suggests that researchers should stop using these
tasks, or replace them with versions that have demonstrated con-
vergent validity. Likewise there is no convergent validity between
difference-score measures assumed to reflect monitoring ability.
The significant cross-task correlations in global RT are contam-
inated by individual variation in basic perceptual and motor
processing. Although switching costs in the switching task did not
correlate with shifting costs in the flanker task, the present design
did not include multiple measures of switching between tasks.
Given the significant factor loadings reported by Miyake and
Friedman (2012) and Klauer et al. (2010) between three different
switching tasks and the latent variable for Switching these switch-
ing tasks appear to provide an adequate test for this component
of EE.

IMPLICATIONS FOR THE STUDY OF BILINGUAL ADVANTAGES

The low (or zero) levels of convergent validity compel caution
in the interpretation of any bilingual advantage in performance,
even if the n is large and the groups are exquisitely matched with
respect to important demographic characteristics. The low lev-
els of convergent validity imply that these measures are reflecting
task-specific mechanisms rather than the efficacy of general func-
tions. The lack of divergent validity between EF and gF constructs
is yet another warning that we may not be measuring what we
think or hope to measure. Ending with a mea culpa regarding
the tasks used in the present study, the field needs to consistently
identify and use measures that show better convergent validity
and that diverge from cognitive abilities that are assumed to be
unaffected by managing two languages.
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