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ABSTRACT

By assessing whether semantic (in addition to response) conflict contributes to the
Stroop interference effect observed in the two-to-one Stroop paradigm (De Houwer, 2003), the
present thesis was aimed at contributing to the ongoing debate about the locus (vs. loci) of the
Stroop interference effect. To this end, the two-to-one Stroop paradigm administered with an
additional (i.e., color-neutral) baseline was combined with Single-letter coloring and cueing
(SLCC) in Chapter 1 and Chapter 4; with healthy aging in Chapter 2; and with variations in
Response-stimulus intervals in Chapters 3 and 4. In complete contrast to dominant single-stage
response competition models of the Stroop interference effect, results of experiments reported
in this dissertation leave no doubt that selection occurs at the semantic level in the Stroop task.
The immediate implications for the composite (as opposed to unitary) nature of the Stroop
interference effect and other still unresolved issues in the Stroop literature are discussed.

Key words: Stroop Interference Effect, Facilitation, Interference, Semantic and Response
Conflict

RESUME

En examinant dans quelle mesure le conflit sémantique (en plus de celui de réponse)
contribue dans ’effet d’interférence Stroop observé avec le paradigme Stroop dit two-to-one
(De Houwer, 2003), la présente thése vise a contribuer au débat scientifique — actuellement en
cours — sur le caractere unitaire ou possiblement composite de I’interférence Stroop. Pour ce
faire, le paradigme Stroop two-to-one — administré avec une condition contrdle supplémentaire
— a été combiné avec des modérateurs tels que la coloration et 1’indicage spatial d’une seule
lettre (Chapitre 1 et Chapitre 4), le vieillissement normal (Chapitre 2) et avec les variations
d’intervalles entre la réponse et le nouveau stimulus (Chapitre 3 et Chapitre 4). En parfait
contraste avec les modeles unitaires de 1’effet d’interférence Stroop — modeles actuellement
dominant dans la littérature Stroop — les résultats des expériences rapportés dans cette theése ne
laissent aucun doute que la sélection opere dans la tache Stroop au niveau sémantique. Les
implications pour le caractére composite de I’interférence Stroop, tout comme pour d’autres
questions actuellement sans réponse dans la littérature Stroop sont discutées.

Mots clefs : L’effet d’interférence Stroop, Facilitation, Interférence, Conflit sémantique,
Conlflit de réponse
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GENERAL INTRODUCTION

In the Stroop Task — construed by John Ridley Stroop in 1935 —, individuals are asked
to identify the ink color of different stimuli. Perhaps the most known stimuli are color words
presented in an ink color that is different from that the word actually designates (e.g., the
word BLUE presented in a green font, hereafter BLUEgeen). Given this, they are often
designated as color-incongruent Stroop stimuli. Typically, individuals’ color-identification
times are substantially longer and often more error-prone for these latter stimuli as compared
to a relevant comparison or baseline stimuli (e.g., color patches, strings of symbols or letters,
words that do not depict a color etc., presented in a green font). This difference — already
shown in Stroop’s own dissertation — is now designated in the literature as the Stroop
interference effect or the Stroop effect. Over the years, it became one of the most widely used
indicators of selective attention and of inhibitory abilities and this in both clinical and
research practice (152.000 results in Google Scholar™, on 3™ of March 2022). Indeed, it is
now considered as the “gold standard of attentional measurers” (MacLeod, 1992). Despite
this, cognitive processes that are mobilized in the Stroop task are still rather poorly
understood as the still ongoing debate about the actual locus or loci of Stroop interference

indicates.

Locus vs. loci of Stroop interference

The aforementioned longer response times (hereafter RTs) and more frequent errors
observed for color-incongruent (e.g. BLUEgeen) than for color-neutral stimuli (e.g., the word
PAGE presented in a green font, hereafter PAGEgreen) Were initially interpreted by Stroop,
(1935) as a result interference between color-naming and word-reading. He reasoned that «

The associations that have been formed between the word stimuli and the reading response



are evidently more effective than those that have been formed between the color stimuli and
the naming response. Since these associations are products of training, and since the
difference in their strength corresponds roughly to the difference in training in reading words
and naming colors, it seems reasonable to conclude that the difference in speed in reading
names of colors and in naming colors may be satisfactorily accounted for by the difference in
training in the two activities. » (Stroop, 1935b, pp. 659-660).

In line with Stroop’s initial reasoning, the so-called relative speed hypothesis (e.g.,
Morton & Chambers, 1973; see also Dyer, 1973; Fraisse, 1969; Hommel, 1997) argues that
reading is indeed faster than color naming such that the meaning of the stimulus is processed
before the ink color that has to be named. Because the word-dimension of an incongruent
Stroop stimulus — that is processed first — provides evidence towards a response (i.e., blue for
BLUEgen) that is different from that subsequently triggered by the (relevant) color-dimension
of this stimulus (i.e., green for BLUEgeen) and because there is a bottleneck in attention (see
(Posner & Snyder, 1975 for understanding this metaphor; and e.g., Maquestiaux, 2017 for a
review of its more recent developments) a queue (and subsequent delay or interference)
occurs at the level of response choice/production. According to the so-called automaticity
hypothesis (e.g., (Hunt & Lansman, 1986; LaBerge & Samuels, 1974; Logan, 1978; Posner &
Snyder,1975; Shiffrin & Schneider, 1977), the interference does not result from relative
differences in speed but rather these undeniable differences in speed reflect the fact that
reading is more automatic than color-naming.

On the basis of these latter ideas, although placing the explanatory weight on parallel
processing of the irrelevant and the relevant dimensions (as opposed to a single bottleneck in
attention), many prominent accounts of the Stroop effect (e.g., Cohen et al., 1990; Glaser &
Glaser, 1989; Logan & Zbrodoff, 1979; Melara & Algom, 2003; Phaf et al., 1990; Roelofs,

2003) subsequently proposed that Stroop interference occurs late in processing (i.e. at the



level of response output). These accounts are therefore termed single-stage late selection
accounts. In this view that still dominates Stroop literature, Stroop interference results from a
unique (i.e., response) conflict between two different possible responses.

In a firm contrast early-single stage selection accounts (Hock & Egeth, 1970; Luo,
1999; Scheibe et al., 1967; Seymour, 1974; 1977; Stirling, 1979; see also Klopfer, 1996),
proposed that a single conflict responsible for the Stroop interference effect arises earlier — at
the level of processing input. Although this conflict was conceptualized as perceptual (Hock
& Egeth, 1970), the majority of these accounts consider this conflict to occur at a conceptual
encoding level of color-incongruent words. For instance, Seymour (1977) argued that « (...)
one is led towards the view that the effect arises at a level of conceptual representation and
derives from a semantic conflict brought about by simultaneous analysis of both aspects of the
colored word display. The principle involved here could be that delays of processing occur
whenever distinct semantic codes are simultaneously activated, and that these delays become
acute when the conflicting codes are values on a single dimension or a closely related
dimension.” (Seymour, 1977, p. 263; see also Seymour, 1973). In this view, the Stroop
interference effect results from a conflict between these two different semantic representations
and 1s, therefore, often termed as semantic conflict.

In summary, both early and late selection accounts agree on the fact that the Stroop
interference is a unitary phenomenon such that it results from a unique conflict. They both
agree on the fact that the Stoop interference effect is a result of the automaticity of the word-
reading. However, the early and late single-stage selection accounts clearly disagree in
regards to the level of processing at which this unique conflict is located (at the level of
stimulus vs. response) and, consequently, on the type of conflict (semantic vs. response

conflict) that is actually responsible for the Stroop interference. In 1998, Logan and Zbrodoff



argued that « There is some support for each position, but the bulk of the evidence points to a
locus in response selection (p. 979; see also MacLeod, 1991 for similar conclusion).

This latter conclusion does not take into account a multi-stage selection model of
Zhang and Kornblum (1998) that was also proposed the same year. Its starting point is the
aforementioned long-term opposition between the early and late (single-stage) accounts.
According to Zhang and Kornblum « These two proposals (...) focus on one particular aspect
of the Stroop task to the exclusion of the other. The early-selection account focuses on the
similarity between the relevant stimulus and the irrelevant stimulus, whereas the late-selection
account focuses on the similarity between the irrelevant stimulus and the response. Both
similarity relationships are, of course, present in the Stroop task — in fact, they constitute a
confounding that makes distinguishing empirically between the two accounts difficult. »
(Zhang & Kornblum, 1998, p. 4).

This latter idea is rooted in the theory of Dimensional Overlap (DO, Kornblum, 1992;
see also e.g., Kornblum et al., 1990; Kornblum & Lee, 1995) that is defined as the occurrence
of perceptual, conceptual, or structural similarity between stimulus sets, stimulus and

response sets, or both.

Input (S) Output (R)

S-R compatibility s—
(Relevant S-R overlap, DO type 2)

S-S incompatibility
(S-S overlap, Stimulus conflict Response conflict
DO type 4)

Figure 1. Representation of possible dimensional overlaps in incongruent Stroop
stimuli



Dimensional overlap may occur between the relevant stimulus and response
dimensions (called relevant SR overlap or DO type 2, see Figure 1), between the irrelevant
stimulus and response dimensions (called irrelevant SR overlap or DO type 3, see Figure 1),
or between the relevant and irrelevant stimulus dimensions (called SS overlap, or DO type 4,
see Figure 1) » (1998, p. 4, text in italics added).

Therefore, in an incongruent Stroop stimulus (e.g., BLUEgeen), a color stimulus
(GREEN) overlaps with a written stimulus (BLUE) creating stimulus-stimulus overlap (S-S
overlap or DO type 4, see Figure 1). As a result of this overlap, the meaning of the word
conflicts with the meaning of the color that is to be named — creating the first source of
interference (i.e., interference located at the input or stimulus (S) level, see Figure 1). Each of
these two stimuli prompts a response. Specifically, because the response that is prompt by the
relevant (color) stimulus (GREEN; DO type 2, see Figure 1) and that is prompt by the
irrelevant (written) stimulus (BLUE; DO type 3, see Figure 1) are different, an additional (i.e.,
response) conflict occurs at the output or response (R) level (see Figure 1).

Despite the fact that this model is particularly convincing (as it nicely bridges two
opposing perspectives), single-stage late selection accounts (e.g., Cohen et al., 1990; Glaser &
Glaser, 1989; Logan & Zbrodoff, 1979; Melara & Algom, 2003; Phaf et al., 1990; Roelofs,
2003) still keep dominating the Stroop research at both theoretical (see e.g., Risko et al., 2006
for discussion) and applied level (e.g., Stroop Victoria test included in Strauss et al., 2006).
Indeed, the Stroop task is now viewed as a “a prototypical inhibition task (...) in which one
needs to inhibit or override the tendency to produce a more dominant or automatic response
(i.e., name the color word)”, and the magnitude of Stroop interference is thought to reflect
“one's ability to deliberately inhibit dominant, automatic, or prepotent responses when
necessary” (Miyake et al., 2000). One of the main reasons for this dominance is linked to

another ongoing debate of whether the contribution of semantic conflict to Stroop interference

10



can be actually be assessed (e.g., Augustinova & Ferrand, 2014; Augustinova et al., 2015; De

Houwer, 2003; Parris et al., 2021).

How to assess the contribution of a semantic conflict to the Stroop interference?

To better implement Zhang and Kornblum’s model (1998) empirically, De Houwer
(2003) proposed the so-called two-to-one paradigm in which two response colors are mapped
to one response button (e.g., blue and red are assigned to the ‘f” key and green and yellow are

assigned to the ‘j” key, see Figure 2).

Figure 2. Response mapping in the two-to-one paradigm

As a result of this response mapping, two kinds of color-incongruent trials occur.
Some trials (e.g., BLUEgeen) generate an incorrect response activity toward the ‘f” key (primed
by the distractor “BLUE”) that subsequently interferes with the production of the correct
response “green” that is made by pressing the ‘j” key (hence are termed different-response
trials). Other color-incongruent trials (e.g., BLUE:eq4, termed same-response trials) do not
generate this type of response interference, because the response activity is primed by both the
distractor “BLUE” and the target color “red” converge toward the same (here ‘f”)
key. Consequently, according to unitary or single-stage response conflict models mentioned
above, these latter trials should not produce any interference, as they do not involve any
response conflict. However, in De Houwer (2003)’s study not only were both different- and

same-response trials responded to slower than baseline identity or color-congruent trials

11



(BLUEbe), but, also, different-response trials were responded to slower than same-response
trials (e.g., RTs to BLUEgreen > RTs to BLUE'eq). Therefore, in line with the two-conflicts
model of Zhang and colleagues (H. Zhang et al., 1999; H. Zhang & Kornblum, 1998a), these
results allowed (De Houwer, 2003) to conclude that different-response trials generate both
semantic and response conflicts, whereas interference produced by same-response trials
results solely from semantic conflict.

These findings have largely been replicated since and the aforementioned so-called
two-to-one Stroop paradigm has become, perhaps, the most popular way of distinguishing the
contribution of semantic conflict from that of response conflict (e.g., A. Chen et al., 2011,
2013; Z. Chen et al., 2013; Hershman & Henik, 2019, 2020b; Jiang et al., 2015; Saban &
Schmidt, 2021; Schmidt et al., 2018; Schmidt & Cheesman, 2005a; Shichel & Tzelgov,
2018b; Van Veen & Carter, 2005). Despite this profusion of convergent empirical results, the
contribution of semantic conflict to the overall color-word Stroop effect remains an open
empirical issue (see Parris et al., 2021 for ample discussion).

Indeed, all studies employing this measure of semantic conflict — including De
Houwer (2003) — have used color-congruent (or identity) trials as the baseline against which
interference, induced by same-response trials, is measured. Therefore, unitary or single-stage
response conflict models of the Stroop effect (Cohen et al., 1990a; Glaser & Glaser, 1989;
Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990; Roelofs, 2003a) can still easily
account for this difference as resulting from facilitation on color-congruent trials (as opposed
to interference on same-response trials). In line with this possible interpretation (see also
Roelofs, 2010), Hasshim and Parris (2014, 2015) consistently reported significantly longer
RTs for same-response trials than for color-congruent trials, but no difference between same-
response trials and trials that are free of facilitation (i.e., color-neutral word trials, DEALgreen

see e.g., Brown, 2011; MacLeod, 1991a for discussion). The absence of semantic conflict was

12



supported further by Bayesian evidence for the null-hypothesis and by the unchanged
magnitude of associated pre-response pupillometric measures of effort (i.e., a reliable and
more sensitive measure of the potential differences between conditions; Hasshim & Parris,
2015; Parris et al., 2021). Therefore, at this point, the contribution of semantic conflict to the
overall Stroop interference in the two-to-one Stroop paradigm is unclear.

Another popular way to separate the contribution of semantic conflict to Stroop
interference is the so-called “sky-put” design (Neely & Kahan, 2001). This design also known
as the Semantic Stroop paradigm (SSP) — first empirically employed by Manwell, Roberts and
Besner (2004) — supplements standard color-incongruent stimuli (BLUEyeliow) and their color
neutral counterparts (PAGEjyeiow) With stimuli that are only semantically associated with a
color (e.g., SKY that is associated with color blue). The addition of these stimuli — first
introduced by Klein (1964) — makes it possible to compute two kinds of Stroop interference:

standard and semantic Stroop interference.

Color-Neutral Color-Associated Color-Incongruent
Words Words Words
DEAL SKY BLUE
> Time >

Semantic Stroop

Standard Stroop
Interference
Interference
70 ms
............................................................................. .}
= J
Response
Conflict

52 msvs. 14 ms

' Effect of intervention aimed at
- reducing Stroop interference '

Figure 3. The semantic Stroop paradigm. Its “subtractive” logic (applied here to data
from Augustinova & Ferrand, 2012b, Experiment 1, in which participants made vocal
responses) makes it possible to differentiate between the respective contributions of
semantic versus response conflict to the overall Stroop interference (taken from
Augustinova & Ferrand, 2014b)

13



Standard Stroop interference corresponds to longer response latencies for standard
color-incongruent as compared to color-neutral trials (e.g., BLUEgcen — DEALgreen). As
explained earlier, because standard incongruent trials are incompatible at both stimulus and
response level, standard Stroop interference is expected to reflect the simultaneous
contribution of semantic and response conflict (see Figure 3). According to Neely and Kahan
(2001), the former conflict results from task-irrelevant processes involved in computing the
lexical and semantic representations of the word (i.e., a written distractor to ignore), whereas
the latter arises from task-relevant processes involved in the selection of a response (i.e., a
color target to name).

The so-called semantic Stroop interference, which corresponds to longer response
latencies for color-associated as compared to color-neutral trials (e.g., SK Ygreen — DEALgreen), 1S
considered as free of this latter conflict (Augustinova & Ferrand, 2014b). Indeed, semantic
associates do not generate a color response linked to the associated color (i.e., blue associated
with the SKY) during the selection of a color to name (see e.g., Schmidt & Cheesman, 2005,
for a straightforward demonstration; but see e.g., Risko et al., 2006; Saban, 2021). However,
there is still a semantic overlap between the target (i.e., green) and the distractor because blue
is strongly associated to SKY and, therefore, activated upon presentation of this type of
stimulus. Also, and importantly, thanks to the same “‘subtractive” logic as seen for two-to-one
Stroop paradigm (see also Figure 3), this variant of the Stroop paradigm also makes it
possible to evaluate the respective contributions of semantic and response conflict to overall
Stroop interference.

As mentioned above, many studies subsequently confirmed the contribution of a
semantic conflict (as assessed via semantic associated interference) to the overall Stroop
interference (Augustinova, Clarys, et al., 2018; Augustinova & Ferrand, 2014b; Li & Bosman,

1996; Sharma & McKenna, 1998; White et al., 2016). However, single-stage response
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competition models can still argue that semantic-associative interference (SKYyeliow—
DEALyeiow) measured in these studies results entirely from response conflict (e.g., Roelofs,
2003). According to this position, semantic associates elicit incorrect response activity (e.g.,
say “blue”/press blue for SKYyelow) indirectly — through their association with the response-set
colors (blue in this case) — which explains in turn the smaller magnitude of semantic-
associative interference (SKYyellow — DEALyeliow) compared to its standard (BLUEyeliow —
DEALyeiow) counterpart. Under this account, none of these past studies satisfactorily
demonstrated that the driving force behind the semantic-associative interference is indeed
semantic and not (indirect) response conflict.

The very same criticism actually applied to studies that used non-response or out-of-
the set trials (e.g., PURPLEgeen, Klein, 1964; see e.g., Hasshim & Parris, 2018; Hasshim et
al., 2019; Lamers et al., 2010; Sharma & McKenna, 1998). Indeed, as noted by Parris et al.
(2021): “It has been argued that the interference measured by using non-response set trials,
the non-response set effect, is an indirect measure of response conflict (Cohen et al., 1990;
Roelofs, 2003) and is, thus, not a measure of semantic conflict.” (p. 9). Indeed, because there
is a semantic link between the non-response set words and the response set colors, the indirect
activation of the other response set colors leads to response competition with the target color.

Given this current state of art, Parris and colleagues (2021) have recently argued that
“(...) at this point, it seems reasonable to conclude that published research conducted so far
with additional color incongruent trial types (same-response, non-response, or semantic-
associative trials) does not permit the unambiguous conclusion that the informational conflict
generated by standard color-incongruent trials (...) can be decomposed into semantic and
response conflicts. More than ever then, cumulative evidence from more time- and process-

sensitive measures are required.” (Parris et al., 2021, p. 11).
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Overview of the present work

In line with the latter idea, the first goal of the present dissertation was first to answer a
simple question — is there any contribution of semantic conflict to the Stroop interference
effect in the two-to-one Stroop paradigm as implemented by Hasshim and Parris (2014, i.e.,
with an additional color-neutral baseline). Given that they concluded (see also Hasshim &
Parris, 2015) that semantic conflict in this task (i.e., significant positive difference between
mean RTs to same-response and color-congruent (or identity trials) results from facilitation on
the latter trials (as opposed to interference on same-response trials), this choice might come as
a surprise. Recall that unitary or single-stage response conflict models of the Stroop effect
(Cohen et al., 1990a; Glaser & Glaser, 1989; Logan, 1980; Melara & Algom, 2003; Phaf et
al., 1990; Roelofs, 2003a) assume that same response trials do not produce any interference.
Indeed, unlike semantic associates (SK Yoie) or out-of-the set trials (PURPLEpiue), they do not
generate response conflict. Therefore, any interference generated by these trials can only be
attributed to semantic conflict — as originally reasoned by De However (2003). Although
Hashim and Parris (2014, 2015) failed to observe this interference relative to color-neutral
baseline, unpublished findings generated at about the same time by Augustinova and
Ferrand’s lab provided there is at least some evidence in favor of this effect. Therefore, these
finding motivated conceptual replications of Hasshim and Parris (2014) that the present
dissertation conveys.

Several studies of Augustinova and Ferrand mentioned above also indicated that
semantic is spared by various experimental manipulations including hypnosis-like suggestion
(Augustinova & Ferrand, 2012), priming of dyslexia (Augustinova & Ferrand, 2014a),
variations in Response—Stimulus Intervals (Augustinova, Silvert et al., 2018), viewing
position (Ferrand & Augustinova, 2014) and Single-letter Coloring and Cueing (Augustinova

& Ferrand, 2007; Augustinova et al., 2010, 2015, Augustinova, Clarys et al., 2018). Indeed,
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all of these studies (see e.g., Augustinova & Ferrand, 2014b for a review) suggested these
interventions along with age-related differences (Augustinova, Clarys et al., 2018) only affect
response conflict in the Semantic Stroop paradigm (see Figure 3 above). Also, and
importantly, this dissociative pattern (i.e., significant semantic conflict while response conflict
is reduced or even eliminated) is often viewed as indicating that the two conflicts are
qualitatively distinct (Augustinova & Ferrand, 2014b; see also Parris et al., 2021 for
discussion). Given this latter theoretical implication along with the criticisms of the Semantic
Stroop paradigm, the second goal of this dissertation was to examine the extent to which
semantic (unlike response) conflict is still preserved when isolated in the two-to-one Stroop
paradigm.

To sum up, the present dissertation was aimed at contributing to the ongoing debate
about the locus (vs. loci) of the Stroop interference effect and this via two main goals: to
assess (1) if a semantic conflict does indeed contribute to the Stroop interference effect
observed in the two-to-one Stroop paradigm (De Houwer, 2003); (2) whether it is still spared
by various experimental interventions (Augustinova & Ferrand, 2014b) and age-related
differences (Augustinova, Clarys et al., 2018; Li & Bosman, 1996). To this end, the two-to-
one Stroop paradigm administered with an additional (i.e., color-neutral) baseline was
combined with Single-letter coloring and cueing (SLCC) in Chapter 1 (Burca et al., 2021) and
Chapter 4; with healthy aging in Chapter 2 (Burca et al., 2022); and with variations in
Response-stimulus intervals in Chapters 3 and 4. Since each of these chapters were written as

separate empirical papers, repetitions might occur throughout these empirical chapters.
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CHAPTER ONE: IS THERE SEMANTIC CONFLICT IN THE STROOP TASK? FURTHER EVIDENCE
FROM A MODIFIED TWO-TO-ONE STROOP PARADIGM COMBINED WITH SINGLE-LETTER

COLORING AND CUEING !

1. Introduction

The typical result in the well-known Stroop task (Stroop, 1935) is that individuals’
color-identification times are longer for color-incongruent (e.g., “BLUE” displayed in yellow;
hereafter BLUEyelow), than for color-neutral items (e.g., the word “DEAL” displayed in
yellow, hereafter DEALyelow). This difference — called the Stroop interference effect — reveals
that, despite being explicitly instructed not to, individuals still attend to the irrelevant word-
dimension of compound Stroop items (i.e., process its meaning), which in turn slows their
performance. Therefore, numerous studies have tried to identify experimental manipulations
that improve attentional selectivity in the Stroop task.

Among such manipulations, the effects of single-letter coloring and cueing (SLCC;
Besner et al., 1997) have perhaps received the most attention (e.g., Kiiper & Heil, 2012 for a
review). Despite differences in the methodologies employed?, all of these studies have
reported a substantial reduction or even elimination of Stroop interference when only a single
letter (as opposed to all letters) of a target display was colored in an incongruent color from

the response set and spatially pre-cued (hereafter SLCC vs. ALCC [all-letters colored and

! Corresponds to Burca M., Beaucousin V., Chausse P., Ferrand L., Parris B. A., Augustinova M. (2021).
Is there semantic conflict in the Stroop task? Further evidence from the two-to-one Stroop paradigm combined
with single letter coloring and cueing. Experimental Psychology, 68(5), 274-283. https://doi.org/10.1027/1618-
3169/a000530

2 In some studies, the coloring manipulation was coupled with variations in spatial pre-cueing such that,
for instance, (a) small arrow(s) appeared on the screen to indicate the position(s) subsequently occupied by the
color-carrier(s) (i.e., target letter(s)) whose color was to be named. Some studies (e.g., Manwell et al., 2004) also
added empty spaces between letters that were filled — in other studies (e.g., Labuschagne & Besner, 2015) — with
non-letter characters.
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cued]). Because SLCC (unlike ALCC) is thought to keep two informational sources (i.e.,
color and word) separate (i.e., odd-one-out effect of SLCC, Besner et al., 1997), a response
induced by the irrelevant word-dimension of compound Stroop items (e.g., say “blue”/press
blue for BLUEjyelow) interferes less with that induced by the relevant color-dimension (e.g.,
say “yellow”/press yellow for BLUEyeiiow) in SLCC than in ALCC. Indeed, according to
dominant single-stage response competition models (e.g., Roelofs, 2003), a single conflict
between responses (hence response conflict) is the driving force behind the Stroop
interference effect.

In contrast to this unitary view of Stroop interference, other (i.e., multi-stage) models
anticipate that incidental processing of the irrelevant word-dimension of Stroop items actually
generates an additional (i.e., semantic or stimulus) conflict (e.g., Zhang et al., 1999; Zhang &
Kornblum, 1998). On the basis of this idea, a handful of studies set out to investigate whether
the SLCC-manipulation affects semantic and/or response conflict.

Manwell and colleagues (2004) consequently reported that SLCC reduced Stroop
interference depicted above (e.g., BLUEyelow — DEALyelow) but eliminated semantic-
associative Stroop interference (e.g., SKYyellow — DEALyeliow, see also Labuschagne & Besner,
2015). Because these studies viewed the former (hereafter standard Stroop interference) as a
product of both semantic and response conflicts, and viewed semantic-associative Stroop
interference as being free of response conflict (e.g., Neely & Kahan, 2001%; but see e.g.,
Klein, 1964), they consequently concluded that SLCC aftfects the Stroop interference effect
early (i.e., it curtails semantic conflict altogether, Manwell et al., 2004, Account 2; see also
Besner et al., 2016 for discussion). But this conclusion contrasts with other studies reporting

that SLCC reduces standard but leaves semantic-associative Stroop interference (Augustinova

3 Since SKY is not part of the response set, it does not activate (pre-)motor responses linked to the
associated color (e.g., press a blue button on seeing SKY; see Schmidt & Cheesman, 2005 for a direct
demonstration).
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& Ferrand, 2007; Augustinova et al., 2010, 2018), and the associated N400-like ERP-actiVity4
(Augustinova et al., 2015) unaffected. These studies subsequently claimed that SLCC affects
the Stroop interference effect late (i.e., it reduces or even eliminates response conflict, see
Augustinova & Ferrand, 2014 for discussions) but leaves semantic conflict unaffected. In
sum, the processing stage at which SLCC-manipulation actually takes its effect (semantic vs.
response) remains unclear.

However, this lack of clarity is not entirely due to the contrasting findings across the
aforementioned studies. Indeed, as noted above, all of these studies have employed the
semantic-associative Stroop trials (e.g., SKYyelow) to investigate the extent to which SLCC
affects semantic conflict. Because the irrelevant word-dimension “sky” is strongly associated
with “blue”, attending to its meaning is thought to interfere with the meaning of the relevant
color-dimension (yellow for SKYyeiow). Indeed, “(...) delays of processing occur whenever
distinct semantic codes are simultaneously activated, and that these delays become acute
when the conflicting codes are values on a single dimension or closely related dimensions”
(Seymour, 1977, p. 263). Yet, this assumption is at odds with the aforementioned unitary
models of Stroop interference such as that proposed by Roelofs (2003). This model predicts
that both standard and semantic-associative Stroop interference are not qualitatively distinct
but both result from different quantities of a single (i.e., response) conflict taking place in the
language production unit. Specifically, for semantic-associative items, the incorrect response
(e.g., say “blue”/press blue for SKYyeliow) 1s activated through the association of the distractor
SKY with the response set colors (i.e., blue is a part of the response set) in such a way that it
subsequently interferes with the production of the correct response (e.g., “yellow”/press
yellow button for SKYyeliow). As a result, the influence of SLCC on semantic conflict remains

an open issue because the extent to which semantic conflict is the actual driving force behind

# N400-like corresponded to fronto-central negativity occurring from 380 to 480msec after the
presentation of a Stroop item taken as evidence of semantic processing in the Stroop task.
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semantic-associative interference (e.g., SKYyellow — DEALyeliow) 1s itself unclear (see Parris et
al., 2021 for discussion). To address this more fundamental issue, the present study substituted
semantic-associative items with items producing semantic interference in such a way that
cannot be accounted for by single-stage response competition models (i.e., cannot be the

result of response conflict).

The present study

To this end, the study only used color-words as distractors (i.e., BLUE, RED, GREEN,
YELLOW). Importantly, following De Houwer (2003), the same response-key (e.g., actioned
with left hand) was used for making responses to blue and red (i.e., target) items, and the
other response-key (e.g., actioned with right hand) was used for making responses to green
and yellow items. This so-called two-to-one response-mapping therefore generated two kinds
of color-incongruent trials. For different-response trials like BLUEyenow the correct response
(“BLUE”) is indicated using the pointing finger on the right hand, and the incorrect response
is indicated by using the pointing finger of the left hand. There is no such (response)
interference on same-response trials like BLUE.4, because the responses primed by both the
distractor “BLUE” and the target “RED” are indicated using the pointing finger on the left
hand®. Consequently, any significant interference caused by same-response trials cannot be
attributed to response conflict. Indeed, in line with multi-stage models of Stroop interference
(e.g., Zhang & Kornblum, 1998), it is commonly attributed to semantic conflict (De Houwer,
2003, see e.g., Hershman & Henik, 2020 for the most recent example).

However, despite this consensus, the extent to which same-response trials actually

induce semantic conflict is still an open empirical issue. Indeed, with only a few exceptions

® Note that these items are likely to involve at least some response facilitation (Hasshim & Parris, 2014;
2015 for a discussion).
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(see below), all studies employing same-response trials to induce semantic conflict —
including De Houwer (2003) — have used color-congruent trials as the baseline. This means
that in line with what unitary models of Stroop interference would predict (Roelofs, 2003), the
difference between same-response and color-congruent trials might not involve any semantic
conflict but be entirely driven by facilitation on color-congruent trials. Consistent with this
idea, Hasshim and Parris (2014, 2015) reported significantly longer RTs for same-response
trials than for color-congruent trials, but no difference between same-response and color-
neutral word trials that are free from facilitation (Brown, 2011; MacLeod, 1991 for
discussion)®. Somewhat in contrast, Hershman and Henik (2020) reported evidence for a
difference between same-response and non-word color-neutral trials but in pupillometric
measures only’, whereas Burca found preliminary — as yet unpublished — evidence suggesting
the presence of semantic conflict in RTs even when color-neutral words are used as baseline.
In sum, because of the theoretical implications for composite (e.g., Zhang & Kornblum, 1998)
as opposed to unitary (e.g., Roelofs, 2003) Stroop interference, the unambiguous
demonstration of same-response trials inducing (or not) semantic conflict still remains an
empirical void to fill.

Therefore, the present study used color-neutral words to measure the magnitude of
interference induced respectively by same- (e.g., BLUE:eqd) and different-response (BLUEjyeliow)
trials. Specifically, color-neutral trials were matched with color-incongruent ones in such a
way that they appeared in the same colors an equal number of times (e.g., BLUE only

appeared in red, green, yellow, and so did its counterpart DEAL). This allowed for

6 The absence of semantic conflict was supported further by Bayesian evidence for the null-hypothesis
and by the unchanged magnitude of associated pre-response pupillometric measures of effort (i.e., a reliable
measure of the potential differences between conditions, Hasshim & Parris, 2015).

" In the case of RTs, this study perfectly replicated Hasshim and Parris (2014, 2015) including
conclusions based on Bayes factors. Based on this dissociation, these authors concluded that RTs are not the
best-suited measures to addressed the more fine-grained components of the Stroop interference effect (see also
Hershman & Henik, 2019).
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comparisons of same- (e.g., BLUEq) and different-response (BLUEjyeiow) trials with their
corresponding (in terms of response contingency) color-neutral baselines (e.g., DEALxeq, and
DEA Lyenow respectively). In sum, as in past studies of SLCC-effect outlined above, the
magnitudes of both semantic (e.g., BLUEwed— DEAL:eq) and standard Stroop interference
(BLUEYyeliow— DEALyenow) were derived. However, this was done without using the same
color-neutral baseline twice (see Shichel & Tzelgov, 2018 for discussion). If, in agreement
with single-stage response competition models (e.g., Roelofs, 2003), there is no contribution
of semantic conflict to the overall Stroop interference effect, same-response trials will not
induce any Stroop interference (i.e., their RTs will be comparable to those observed for color-
neutral trials — as previously reported by Hasshim and Parris (2014, 2015)). Different-
response trials will be responded to slower than same-response trials (De Houwer, 2003), and
this in the absence of a significant difference between the same-response and their neutral
counterparts. In this case — confirming that the response conflict is the unique driving force of
the Stroop interference effect —, only the magnitude of standard Stroop interference (the
significant difference between different-response and color-neutral trials) will be reduced in
SLCC compared to ALCC.

In contrast, if the multi-stage models of Stroop interference (e.g., Zhang & Kornblum,
1998) are correct and semantic conflict genuinely contributes to overall Stroop interference,
then same-response trials will produce significant semantic Stroop interference such that the
difference between same-response and color-neutral trials will be significant (Burca,
unpublished; see also Hershman and Henik’s pupillometry data). The semantic conflict could
then be affected by SLCC in several ways. In line with past studies reviewed above, SLCC
might eliminate semantic interference altogether (Manwell et al.’s Account 2; Labuschagne &
Besner, 2015), or leave its magnitude unaftected (e.g., Augustinova et al., 2010, 2015, 2018).

Finally, SLCC might simultaneously reduce both semantic and standard interference
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(Manwell et al.’s Account 1)® — a finding that would suggest that SLCC affects both semantic
and response conflicts. The aim of the experiment reported below was to directly test these
different hypotheses regarding the contribution of semantic conflict to Stroop interference and

regarding its reduction by SLCC.

2. Method

Participants

Ninety-two native French-speakers (64 females and 28 males; Mag=20.95; SD=1.612)
with normal or corrected-to-normal color-vision volunteered to take part in this experiment,
which was approved by the local ethics committee (2018-02-A).

Design

The study used a 4 (Stimulus-Type: different response vs. same response vs. neutral
different response vs. neutral same response) x 2 (Coloring: ALCC vs. SLCC) within-
participant design for data collection.

Stimuli

The (French) stimuli were presented in lowercase Courier font, size 18, on a black
background and subtended an average visual angle of 0.9° high % 3.0° wide. They consisted
of four color-words: rouge [red], jaune [yellow], bleu [blue], and vert [green]; and four non-
color counterparts: plomb [lead], liste [list], page [page], cave [basement], that were paired in
length and frequency via Lexique 3.38 (New et al., 2004).

Apparatus and Procedure

The participants were seated 70cm in front of a 17"’ computer screen. Eprime 2.0

software was used for data presentation and recording. Because the experimental trials only

8 This causes the elimination of semantic-associative Stroop interference (SK Yyeiow — DEALyeliow) as it is
usually proportionally smaller than its standard counterpart (BLUE eiiow — DEALyeliow)-
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used words as distractors, the participants were instructed to identify the color of the letter
indicated by the arrow as quickly and accurately as possible by pushing the appropriate color-
button and to ignore everything else in the display. To this end, and similarly to Augustinova
et al. (2010, Experiment 1), the participants were instructed to concentrate on the fixation
cross (“+”) that appeared for 2000msec in the center of the screen at the beginning of each
trial. A small white arrow (height of 1.2° of visual angle, displayed 0.6° below) then appeared
for 150msec. As it served as a spatial pre-cue, it was located at the position that was
subsequently occupied by the target letter. This position varied randomly from trial-to-trial,
being located at the initial, optimal viewing position (OVP), middle, or final letter of the
distractor-word (Parris et al., 2007). In order to avoid an additional color-color interference in
the SLCC-condition®, the spatially pre-cued letter was the only one that appeared in an
incongruent color from the response set and the rest of the letters appeared in white (i.e., a
color that was not part of the response set; see e.g., Augustinova & Ferrand, 2007; Besner et
al., 1997; Brown et al., 2002 for the use of gray or black). In the ALCC-condition, all letters
(including the one that was spatially pre-cued) appeared in incongruent colors from the
response set. The entire display remained on screen until the participant responded or until
3500msec had elapsed.

The participants responded manually using a modified SRBox® consisting of two
handles, each of which had a single response button at the top (placement of the handles in the
right or left hand, respectively, was counterbalanced across participants). The participants
pushed these response buttons with their thumbs. This allowed them to hold each handle
comfortably in their palm with the remaining four fingers (see Supplementary Materials,

Figure S1, left panel) while resting their arms on an armrest.

® An additional color-color interference occurs when remaining letters are colored in other (incongruent)
colors from the response set. Since this is known to increase RTs on color-neutral trials in the SLCC-condition
(e.g. Kiiper & Heil, 2012; Monahan, 2001) it might inflate the SLCC-induced reduction of both standard and
semantic Stroop interference (e.g. Manwell et al., 2004).
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One response button was flanked by blue and red color-stickers and the other by
yellow and green color-stickers (see Supplementary Materials, Figure S1, middle and right
panels). Because of this color assignment, together with the fact that color-stimuli only
appeared in incongruent colors, a single presentation of the full set of color-stimuli in all
possible colors resulted in eight same-response items (i.e., 4 in ALCC and 4 in SLCC; e.g.,
“blue” presented entirely in red, “red” presented entirely in blue, “green” presented entirely in
yellow and “yellow” presented entirely in green in ALCC) and sixteen different-response
items. To control for contingency, the same presentation was used for the items' color-neutral
counterparts (e.g., PAGE only appeared in red, yellow and green, exactly like its color-
incongruent counterpart BLUE). All stimulus types were therefore seen an equal number of
times, meaning that 5 repetitions (making it possible to fully control for the letter-position
effects, see above) of the full set of 48 different stimuli resulted in a total of 240 experimental
stimuli. In each coloring-condition, we therefore collected RTs on 20 same-response (SR)
incongruent trials, 20 color-neutral trials paired with SR-incongruent trials, 40 different-
response (DR) incongruent trials, and 40 color-neutral trials paired with DR-incongruent trials
all included in a single block. Before completing this experimental block, the participants first
completed 128 practice trials (MacLeod, 2005) consisting of asterisks in order to learn the
color-button correspondence. They proceeded to the experimental block once their accuracy
rate was above 95% (2 participants had to redo the training, one of them was later excluded

from further analyses).

3. Results and Discussion
Four participants were excluded from the analysis due to faulty data recordings. The
data of the remaining eighty-eight participants were first analyzed in an omnibus 4 (Stimulus-

Type: DR-incongruent trials vs. SR-incongruent trials vs. DR-neutral trials vs. SR-neutral

31



trials) x 2 (Coloring: ALCC vs. SLCC) ANOVA. This analysis on RTs was conducted on
mean correct latencies using both 2.5 (e.g., Labuschagne & Besner, 2015) and 35D cut-offs
(Augustinova and colleagues’ studies). Given their convergence and to permit comparisons
with our past studies, only analyses using the 3SD cut-off (leading to the exclusion of 1.12%
of the total data) are reported below. In omnibus ANOVA, this latter analysis revealed main
effects of Stimulus-Type [F(3,261) = 38.09; p<.001, #,° = 0.304; BF19=4.160e+18%°,
indicating extreme evidence of an effect of Stimulus-Type] and of Coloring [F(1,87) = 11.57;
p=.001, ,°=0.117; BF10=29.223, indicating strong evidence of an effect of Coloring]. It
also revealed a significant Stimulus-Type x Coloring interaction, [F(3,261) = 3.236; p = .023,
1> = 0.036; BF 9= 2.229¢+20]. This extreme Bayesian evidence, is in favor the model where
the both main effects and their interaction are significant. Nevertheless, an effect of the
interaction alone was not supported by Bayesian evidence (BF 0= 0.606/BFo; = 1.648, see
Table S1 in Supplementary Materials for a comparison of models in a Bayesian repeated-
measures ANOVA].

These same analyses of error percentages (see Table 1) revealed only significant main
effects of Stimulus-Type [F(3, 261) = 6.91; p< .001, 5,° = 0.74; BF o= 182.463, indicating
extreme evidence of an effect of Stimulus-Type]. Both the main effect of Coloring [F(1,87) =
2.83; p=.096, ,°=0.32; BF19=0.210/BFo; = 4.810], and Stimulus-Type x Coloring
interaction [F(3, 261) = .12; p = .950, #,° = 0.01] remained non-significant. Indeed, BFs
provided very strong evidence against the effect of interaction alone (BFio= 0.013/BFo; =

68.52, see Table S2 in the Supplementary Materials for a comparison of the models).

BF, corresponds to the Bayesian probability of the occurrence of a hypothesis (H1) and the
likelihood of another null hypothesis (HO). It was calculated with JASP (JASP Team, 2017) and interpreted
according to Lee and Wagenmakers (2013 adjusted from Jeffreys, 1961). All priors were equal.

UBF value reported for interaction only is the one associated with the model including the interaction
and the two main effects divided by BF value observed for the model including the two main effects only.
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Is there semantic conflict in the Stroop task?

To answer this key question, we first decomposed the aforementioned main effect of
the Stimulus-Type on mean correct latencies. It revealed the presence of both semantic and
standard Stroop interference. The SR-incongruent trials were indeed responded to slower than
their SR-neutral counterparts (p<.001; BF1o=44197.61) and so were the DR-incongruent
trials compared to their DR- neutral counterparts (p<.001; BF1o= 1.342e+12)'2. To explore
this issue of semantic conflict further, we then decomposed the aforementioned Stimulus-
Type x Coloring interaction (i.e., interaction supported at least by frequentist statistics) by
testing the simple main-effect of Stimulus-Type at each level of Coloring. This simple main-
effect was significant in both ALCC [F(3,85) = 22.762; p<.001, 5,° = 0.445; BF o=
6.986e+11] and SLCC [F(3,85) = 12.898; p<.001, 5,° = 0.313; BF19=368930.025"]. In
addition to significant standard Stroop interference (DR-incongruent — DR-neutral trials) in
both ALCC- and SLCC-condition (all ps<.01, see Table 1 for descriptive statistics), further
pairwise comparisons, again unequivocally revealed the presence of significant semantic
Stroop interference (SR-incongruent — SR-neutral trials) in both ALCC- and SLCC-conditions

(see Table 1 for magnitudes).

12 The difference between the RT’s of DR and SR incongruent trials (10msec), which is representative
of the response conflict, did not reach significance (p = .135). However, BF o= 2.962/BF,; = 0.338 values of
paired samples T-Tests provided at least anecdotal evidence in favor of such an effect.

13A Bayesian repeated measures ANOVA compares a series of different models against a null model. It
therefore cannot be decomposed by testing simple main effects per se. Therefore, BFs provided test main effect
of Stimulus-Type in ALCC and SLCC respectively — which explains why a Bayesian approach that is generally
more conservative, actually yields larger effects.
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This latter conclusion is reinforced by BF1o= 130.036, providing extreme evidence of
semantic interference in the ALCC-condition and BF10= 19.354, providing strong evidence of
semantic interference in the SLCC-condition®*,

The presence of significant semantic interference overall, and in both coloring
conditions, is thus consistent with the idea that a semantic conflict indeed genuinely
contributes to the overall Stroop interference effect even when color-neutral words are used as
baseline (see also Hershman & Henik, 2020’ pupillometric measures, but see Hashim &

Parris, 2014, 2015; Hershman & Henik, 2020’ RTs).

How does SLCC affect semantic conflict?

The aforementioned significant semantic interference in SLCC-conditions runs
counter to Manwell et al.’s Account 2 (see also Labuschagne & Besner, 2015) suggesting that
SLCC eliminates semantic interference altogether. However, in line with Manwell and
colleagues’ Account 1 (and counter to past results observed by Augustinova, Ferrand and
colleagues), SLCC (as opposed to ALCC) shortened RTs in both DR-incongruent trials
[F(1,87) = 13.396; p<.001, 5,° = 0.133; BF 9= 50.129, which indicates very strong evidence
of Coloring] and SR-incongruent trials [F(1,87) = 5.912; p = .017, #,° = 0.064; BF o=

1.981/BFo1 = 0.529]. It should be noted however, that the latter Bayesian evidence for SLCC

1% 1n line with a specific contribution of response conflict to standard Stroop interference — latencies for
DR-incongruent trials tended to be longer than those for SR-incongruent trials (see Table 1). But although the
observed 12msec difference was indeed marginally significant (p =.072) in ALCC, BFo =.569/BFg1 = 1.758
tend to suggest otherwise. Despite this, response conflict in ALCC is still evident in percentages of errors [t(87)
=3.80, p<.001; BF;o=77.45]. In SLCC, the 7msec difference between mean response latencies for DR-
incongruent and SR-incongruent trials was not significant (p =.173, BFi9 = .291/BF¢; = 3.436), but response
conflict was however present in percentages of errors [t(87) = 2.79, p<.05; BFo = 4.34]. The additional
sequential analyses of response conflict in ALCC vs. SLCC condition suggested that the probability of finding
this type conflict if more observations were added, is unlikely (see Figure 2 in Supplementary Materials).
Therefore, for each level of Stimulus and of Coloring, we binned slow vs. fast trials. The additional analyses (see
Supplementary Materials) suggest that the lack of response conflict reported above is driven by the lack of
response conflict in the fast trials (see Table 3S in Supplementary Materials). Again, the additional sequential
analyses of response conflict in fast vs. slow trials suggested that the probability of finding this type conflict if
more observations were added, is unlikely (see Figure 3S in Supplementary Materials).
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shortening SR-incongruent trials was anecdotal. Finally, this simple main effect of Coloring
on both DR-neutral [F(1,87)=0.117; p =733, #,°=0.001; BF10 = 0.125/BF¢; = 8.025] and
SR-neutral trials [F(1,87) = 1.519; p = 221, ,° = 0.017; BF10= 0.244/BF¢; = 4.091] revealed
that color-neutral trials remained unaffected by Coloring manipulation. To further examine the
SLCC-effect in the two-to-one Stroop paradigm, we then conducted a 2 (Interference-Type:
Standard vs. Semantic) x 2 (Coloring: ALCC vs. SLCC) ANOVA to analyze the extent to
which magnitudes of both standard and semantic Stroop interference were affected by SLCC
(see Table 1). This analysis revealed main effects of Interference-Type [F(1,87) =7.285; p =
.008, 1,°=0.077; BF1o=2.207], and Coloring [F(1,87) = 6.066; p = .016, 5,° = 0.065; BF10=
5.243] but only a non-significant Interference-Type x Coloring interaction, [F(1,87) = 1.925;
p =.169, n,°=0.0322]. Indeed, in line with the aforementioned Stimulus x Coloring
interaction, the specific BF value for the interaction (see Table S4 in Supplementary Materials
for a comparison of the models) was only BF10= 0.401 and again BFo; = 2.491 actually
provided anecdotal evidence for a null effect of the Interference-Type x Coloring interaction.
These results are therefore clearly inconsistent with Augustinova and colleagues’ past
results showing that SLCC leaves the magnitude of semantic Stroop interference unaffected
(Augustinova et al., 2010, 2015, 2018). Indeed, the present results suggest that SLCC reduces

both semantic and standard Stroop interference in tandem.

4. Discussion and Conclusions
With regards to the first aim of addressing controversies concerning the role of
semantic conflict in contributing to Stroop interference, the results reported above provided
extreme (ALCC) and strong (SLCC) Bayesian evidence for differences between same-
response trials and color-neutral word baselines (e.g., DEAL:eq). This means that the present

study reports — for the first time — a genuine contribution of semantic conflict to overall
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Stroop interference. Indeed, in all past Stroop studies this contribution was possibly
confounded either with response conflict (e.g., when semantic-associative items [SK Youe]
were used to induce semantic conflict) or facilitation (when color-congruent items [ BLUEblue]
were used as the baseline from which to derive the magnitude of semantic conflict generated
by same-response items). Also, and importantly, magnitudes of semantic interference reported
in the present paper are not inflated either by the use of color-neutral non-word baselines (see
Brown, 2011 for discussion of this latter issue) or by the inclusion of color-congruent trials
that are also known to amplify interference (e.g., Roelofs, 2014). This unambiguous
contribution of a genuine semantic conflict to the (overall) Stroop interference effect — at least
with manual responses that the two-to-one paradigm (De Houwer, 2003) necessarily involves
— constitutes the most significant result reported in the present study.

Whilst it is unclear why it was observed in the present study and not in other studies
comparing the interfering effect of same-response trials against a color-neutral word base-line
(Hasshim & Parris, 2014, 2015), the unambiguous presence of a genuine semantic conflict has
at least two immediate implications for several still unresolved issues in the Stroop literature.
First, it provides clear evidence that so-called informational conflict (e.g., MacLeod &
MacDonald, 2000) in the Stroop task includes semantic conflict. Indeed, because of the
aforementioned confounds, the evidence in favor of this contribution from semantic conflict
available was still inconclusive prior to the present paper (see Parris et al., 2021, for a
thorough discussion of this issue). Second, the unambiguous presence of genuine semantic
conflict clearly implies that selection occurs at the level of semantics — a finding that runs
counter to the dominant single-stage response competition models of Stroop interference.
Therefore, it is likely that these latter models need to be modified to make room for this type

of conflict.
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Despite the data being collected in a considerable sample (Brysbaert & Stevens, 2018)
and analyzed with both classical (frequentist) and Bayesian inferential approaches, the results
reported above are clearly less conclusive with regards to the second aim which was to
address controversies concerning the reduction of semantic conflict by SLCC-manipulation.
Indeed, the lack of Interference-Type x Coloring interaction (along with a Stimulus-Type x
Coloring only being present in standard frequentist ANOVA) seems most consistent with
Manwell et al.’s Account 1 suggesting that SLCC reduces both semantic and standard
interference in tandem®®. In line with Kinoshita et al. (2018; see also e.g., Besner et al., 2016),
this means that SLCC reduces semantic conflict in the Stroop task. However, the results with
regards to the SLCC-effect on SR-incongruent trials come with caveats. Indeed, the Bayesian
analyses reported above provided anecdotal evidence for the simple main-effect of Coloring
on these trials whereas this effect was strong for DR-incongruent trials. This points to the fact
the while the interpretation in terms of reduced semantic conflict (i.e., the common
denominator of both semantic and standard Stroop interference) is possible, it is likely to be
incomplete. In line with past studies (e.g., Augustinova et al., 2010, 2015, 2018), it therefore
remains possible that SLCC also reduces response conflict as the aforementioned strong
simple main-effect of Coloring on DR-incongruent trials suggest. Although the response

116

conflict was not significant overall™®, this possibility cannot be ruled out entirely, as it was

significant on slow trials (see Supplementary Materials). This reduction is again probably too

15 This conclusion is reinforced by the exploratory 2 (Interference-Types: Stroop interference vs.
Semantic interference) x 2 (Coloring: ALCC vs. SLCC) ANOVA conducted on slow trials only (i.e., trials
revealing response conflict). Indeed, it yielded a marginally significant main effect of Interference-Type
[F(1,87)=3.50; p < .065, np,>= 0.039], a significant main effect of Coloring [F(1,87) =5.39; p=.023, n,’>= 0.058],
but a non-significant Interference-Type x Coloring interaction [F(1,87)=.294; p< .589, 7,°=0.003] suggesting
again that Coloring manipulation affects both types of interference in tandem.

16 This unexpected absence of significant response conflict (that our group has actually replicated since)
is at odds with past studies using the two-to-one Stroop paradigm — including De Houwer’s initial study (2003).
This could be explained by differences in methodology applied in the present study (e.g., absence of color-
congruent items that are known to amplify the interfering effects of color-incongruent items (e.g., Roelofs,
2014), the equal percentage of color-incongruent vs color-neutral trials (MacLeod, 2005) with no contingency
issues involved (Hasshim & Parris, 2014; Schmidt, 2013). More studies are needed to assess these different
possibilities directly.
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small to fully explain the present pattern of results. The remaining possibility is that SLCC
actually reduces task conflict (i.e., a more general conflict that — for all readable Stroop items
including color-neutral ones — derives from the simultaneous preparation of two task sets:
word-reading vs. color-naming, e.g., Goldfarb & Henik, 2007; Hershman & Henik, 2019).
The lack of SLCC-effects on color-neutral stimuli in the present study is seemingly at odds
with this latter idea (but see e.g., Manwell et al., 2004). Indeed, any reduction of task conflict
should in principle facilitate processing of all compound stimuli (i.e., including the color-
neutral items) and even more so in the present study given that only one color from the
response set was used to implement the SLCC-manipulation. It is, however, noteworthy that
two colors are still present in our SLCC-condition (a color from the response set and white) —
making it plausible that an additional color-color interference still occurs in SLCC as
compared to ALCC. Its known lengthening effect on color-neutral items (e.g. Kiiper & Heil,
2012; Monahan, 2001) might be cancelled in the RTs by the concomitant shift in attentional
focus toward the relevant color-dimension in SLCC, which in turn reduces the task conflict.
In sum, future studies — which should include a direct measure of task conflict — need to
address these possibilities directly, perhaps with a more fine-grained measures than RTs (e.g.,
Hershman & Henik, 2019). The decrease in the magnitude of overall Stroop interference that
is specifically due to the reduction of task conflict implies — contrary to the reduction of
semantic conflict — a simultaneous increase in Stroop facilitation (Parris, 2014), which was
also not measured in the present study. It is of course possible that SLCC actually affects all
the components of the overall Stroop interference (response, semantic and task conflict).

In conclusion, whilst the influence of SLCC on semantic conflict (but also on other
types of conflicts) still remains an open issue, the presence of semantic conflict in the Stroop
task — at least when administered in the form of the two-to-one Stroop paradigm —, is no

longer one. Therefore, the present study provides impetus for future empirical work on SLCC
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(see above). Furthermore, the present work also strongly encourages the development of new
integrative models of the Stroop inference effect, as only one existing model effectively
accounts for either semantic (Zhang & Kornblum, 1998; Zhang et al., 1999) or task conflict
(Kalanthroff et al., 2018), respectively, but none currently accounts for the probable
coexistence of task, semantic and response conflicts (see Parris et al., 2021 for further

discussion).
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6. Supplementary Materials

Figure S1. lllustration of Modified SRBox® called Chambox

Table S1. Analysis of RTs in 4 (Stimulus-Type: DR-incongruent trials vs. SR-incongruent trials vs. neutral DR-

trials vs. neutral SR-trials) x 2 (Coloring: ALCC vs. SLCC) Bayesian Repeated Measures ANOVA

Model Comparison

Models P(M) PiM|data) BFyy BF g error %
Mull model {incl. subject) 0.200 1.738e-21 6.9538-21 1.000
Coloring + Stimulus_Type 0.200 0618 6.467 3.555e +20 2028
Coloring + Stimulus_Type + Coloring = Stimulus_Type 0.200 0.375 2.399 2.15Te+20 1552
Stimulus_Type 0.200 0.007 0.029 4.160e +18 0.590
Colering 0.200 5.080e-20 2.032e-19 29223 1.062

Nate. All models include subject

Table S2. Analysis of percentages of errors in 4 (Stimulus-Type: DR-incongruent trials vs. SR-incongruent trials
vs. neutral DR-trials vs. neutral SR-trials) % 2 (Coloring: ALCC vs. SLCC) Bayesian Repeated Measures

ANOVA

Model Comparison

Models P(M) P(M|data) BFy BF o error %
Null model (incl. subject) 0.200 0.004 0.017 1.000
Stimulus_Type 0.200 0.779 14.074 182.463 0.744
Stimulus_Type = Coloring 0.200 0.213 1.084 49974 20.607
Stimulus_Type + Coloring + Stimulus_Type = Coloring 0.200 0.003 0.012 0.672 15.472
Coloring 0.200 8.983e -4 0.004 0.210 1.665

Note. All models include subject
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Figure S2. Sequential analysis of RC in ALCC vs. SLCC condition (probability of finding a RC if more
observations are added)

Analysis of slow vs. fast trials

Given that interference (i.e., conflict effect) is known to increase proportionally with slow RTs
(De Jong et al., 1999; Hasshim, Bate, Downes & Parris 2019) for each level of Stimulus and
of Coloring we binned slow vs. fast trials. While the 3-way Stimulus-Type % Coloring x Bin
interaction remained non-significant [F(3,261) = .981; p = .402, 5,°= 0.011]), the main effect
of Stimulus-Type [F(3,261) = 21.57; p < .001, #,°= 0.199] and that of Bin [F(3,87) = 881.03;
p < .001, 7,7 = 0.910] were.

We also observed a Stimulus-Type x Bin interaction [F(3,261) = 15.60; p < .001, 5,°= 0.152].
Once decomposed, in slow trials, both conflicts are present, whereas in fast trials no conflict
is significant (see the Table 3S below). Thus, the lack of response conflict in the averaged data
was driven by the lack of response conflict in the fast trials. Again, the additional sequential
analyses of response conflict in fast vs. slow trials suggested that the probability of finding

this type conflict if more observations were added, is unlikely (see Figure 3 here below).
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Table 3S. Color-Identification Performance (Means, Standard Error, 95%-Confidence Intervals) observed as a

Function of Stimulus % Bin interaction

Fast Bin Slow Bin Bin effect
M M
(SE) CI (SE) CI
-308%*

Color Incongruent 570 878
Different Response C) [553,587] (17) [844,912]
(DR)

552 818 -266**
Color Neutral Different
Response (Neutral DR) ) [338,566] (14 [790,845]
Color Incongruent 363 863 -300%
Same Respoise (SR) ®) [548,579] 17) [829,898]

558 830 D72%*
Color Neutral Same
Response (Neutral SR) ®) [343,574] a7 [796,864]

M M

(SD) CI (SD) CI
Standard Stroop 18"/t 60"/t
Interference -1, )

f 3) [-1,14] ) [45,75]

(DR — Neutral DR)
Semantic Stroop gnsins 33%t
Interference
(SR — Neutral SR) “) [-2.13] (10) [14,53]
Response Conflict 7°/ns 15%/ns*
(DR-SR) ) [-1,14] 7 [.57,29]

Note. Inferential approach: ™non-significant; ‘marginally significant (p <.10), *significant at p < .05; **significant at p < .01;
fsignificant at p <.001; Bayesian approach (presented after the slash): ™no evidence of an effect, with BFo1 value between 1-
3; ™*anecdotal evidence in favor of H1,with BF o value between 1-3; “moderate evidence in favor of H1, with BF o value
between 3-10; *strong evidence in favor of H1, with BF 1o value between 10-30; f very strong evidence in favor of H1, with

BF 10 between 30 -100; Ttextreme evidence in favor of H1/of an effect, with BF 10 <100.
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Figure S3. Sequential analysis of RC in fact vs. slow trials (probability of finding a RC if more observations are

added)
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Table S3. Analysis of Magnitudes of Interference in 2 (Interference-Type: Standard vs. Semantic) * 2

(Coloring: ALCC vs. SLCC) Bayesian Repeated Measures ANOVA

Models P(M) P(M|data) BFy BF o error %
Null model (incl. subject) 0.200 0.039 0.162 1.000

Interference_Type + Coloring 0.200 0478 3669 12.269 1232
Coloring 0.200 0204 1.028 5243 0777
Interference_Type + Coloring + Interference_Type = Coloring 0.200 0.192 0.951 4926 4855
Interference_Type 0.200 0.086 0377 2207 1.297

Note. All models include subject
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CHAPTER TWO: SOME FURTHER CLARIFICATIONS ON AGE-RELATED DIFFERENCES IN THE

STROOP TASK: NEW EVIDENCE FROM THE TWO-TO-ONE STROOP PARADIGM*

1. Introduction

The Stroop interference effect (i.e., longer color-identification times for color-
incongruent [e.g., “BLUE” displayed in yellow] than for color-neutral words [e.g., the word
“DEAL” displayed in yellow]) is generally larger in healthy older adults than in their younger
counterparts (see Comalli et al., 1962, for the first empirical demonstration). Also, and
importantly, this age-effect in the Stroop task (Stroop, 1935) persists even after controlling for
differences in processing-speed (e.g., Aschenbrenner et al., 2015, 2017; Bugg et al., 2007;
Jackson & Balota, 2013; Nicosia & Balota, 2020; Spieler et al., 1996). It is therefore thought
to reflect an inhibition deficit (e.g., Hasher & Zacks, 1988) due to which older adults are less
efficient at suppressing the word-dimension of color-incongruent Stroop words, leading them
to experience greater competition at the response output stage (Spieler et al., 1996).

Indeed, according to dominant single-stage response competition models (e.g.,
Roelofs, 2003), incidental semantic processing of the irrelevant word-dimension of color-
incongruent Stroop items generates a single type of conflict: response conflict. According to
this view, the Stroop interference effect is considered a unitary phenomenon due solely to
competition between two alternative responses indicated by the two dimensions of the Stroop
stimulus. In contrast, multi-stage models anticipate this incidental processing to generate an

additional level of conflict at the level of semantics: semantic conflict (e.g., Zhang et al.,

! Corresponds to Burca M., Chausse P., Ferrand L., Parris B. A, Augustinova M. (2022). Some further
clarifications on age-related differences in the Stroop task: new evidence from the two-to-one Stroop paradigm.
Psychonomic Bulletin and Review, 29, 492-500. https://doi.org/10.3758/513423-021-02011-x
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1999; Zhang & Kornblum, 1998). They therefore view the Stroop interference effect as a
composite phenomenon comprising both response and semantic conflict.

Taking this idea as their starting point, several studies have set out to investigate the
level of processing (e.g., response and/or semantic) at which the age-related differences in the
Stroop task take their effects and, more specifically, whether semantic conflict is or is not
affected by healthy aging. Indeed, the idea proffered by Spieler and colleagues that older
adults are less efficient in suppressing the word-dimension of Stroop stimuli leads to the
somewhat straightforward prediction that they should (also) experience a greater amount of
semantic conflict. This is not what studies have found.

Li and Bosman (1996) and, later, Augustinova and colleagues (2018) reported greater
magnitudes of standard Stroop interference (e.g., BLUEyeiiow — DEAL/****qj10w) 1n healthy
older adults, but neither study reported age-related differences in the magnitude of semantic-
associative Stroop interference (e.g., SK Yyellow — DEAL/****,q10,,)?. Augustinova and
colleagues (2018) subsequently claimed that the locus of the age-effect in the Stroop task is at
the level of response conflict rather than the level of semantic conflict or a combination of the
two. Contrary to past conceptualizations (e.g., Spieler et al., 1996), these results imply that
both older and younger participants are actually equally (in)efficient at suppressing the word-
dimension of Stroop stimuli. In line with the most recent contributions to the literature on the
above-mentioned inhibition deficit (e.g., Rey-Mermet & Gade, 2018), it further implies that
older participants are rather less efficient in inhibiting the irrelevant response that is primed
by the (irrelevant) word-dimension. This in turn reinforces the idea that the age-related deficit
in inhibition (e.g., Andrés et al., 2008), or, more broadly, the age-related deficit in cognitive

control, is not general (e.g., Bugg, 2014).

2 To control for differences in processing-speed, raw naming latencies were proportionally transformed
in these studies into percentages of standard ([(Mstandard color-incongruent RT—Mecolor-neutrat RT)/ Mecolor-neutral RT]*¥100) and
semantic StI'OOp interference ([(Mcolor—associatcd incongruent RT—Mcolor-neutral RT)/Mcolor—ncutral RT]*IOO)
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However, single-stage response competition models argue that semantic-associative
interference (SKYyeiow—DEALyeliow) measured in these prior studies results entirely from
response conflict (e.g., Roelofs, 2003). According to this position, semantic associates elicit
incorrect response activity (e.g., say “blue”/press blue for SKYyeiow) indirectly — through their
association with the response-set colors (blue in this case) — which explains in turn the smaller
magnitude of semantic-associative interference (SKYyeliow — DEALyeliow) compared to its
standard (BLUEyeliow — DEALyeliow) counterpart. Under this account, neither Li and Bosman’s
(1996) nor Augustinova and colleagues’ (2018) studies satisfactorily demonstrated that the
type of conflict that is spared by healthy aging is semantic (i.e., due specifically to a
slowdown that occurs whenever two distinct, yet closely related semantic representations are
simultaneously activated in an amodal semantic network, see e.g., Seymour, 1977 for
discussion).

To address this issue directly, the present study replaced semantic-associative items
with items which induce semantic conflict in a way that cannot be accounted for by single-
stage response competition models. Specifically, the study employed the two-fo-one Stroop
paradigm (De Houwer, 2003, hereafter 2-to-1). In this paradigm, all the distractors are part of
the response set (e.g., BLUE, RED, GREEN, YELLOW), while responses for paired target
colors are mapped to only one response-key (e.g., ‘f” for blue and red and ‘j’ for green and
yellow). As a result of this response-mapping, standard incongruent Stroop trials like
BLUEjyeow provide evidence toward two different responses (they are therefore termed
different-response trials). Indeed, relevant color-dimension (YELLOW) prompts the correct
response activity toward ‘j’ key, whist the irrelevant word-dimension (BLUE) prompts the
incorrect response activity toward ‘f” key. There is no such (response) conflict on trials like
BLUEeq since both dimensions of the Stroop stimulus provide evidence toward the same

response. Consequently, significant interference generated by these so-called same-response
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trials is interpreted as representing the independent contribution of semantic conflict to
overall Stroop interference (De Houwer, 2003, see e.g., Hershman & Henik, 2020 for the most
recent example).

However, with the exception of a few notable studies (see below), all studies
employing this measure of semantic conflict — including De Houwer (2003) — have used
color-congruent trials as the baseline against which semantic conflict is measured.
Problematically, the difference between same-response and color-congruent trials could be
entirely driven by facilitation on color-congruent trials and thus not involve any semantic
conflict (Hasshim and Parris 2014, 2015) — as unitary models of Stroop interference (Roelofs,
2003) would predict. In line with this interpretation, Hasshim and Parris consistently reported
significantly longer RTs for same-response trials than for color-congruent trials, but no
difference between same-response trials and trials that were free of facilitation (i.e., color-
neutral word trials, see e.g., Brown, 2012; MacLeod, 1991 for discussion)®.

In contrast to Hasshim and Parris, Burca and colleagues’ study (2021, see Chapter 1)
reported a significant difference between same-response and color-neutral trials. This suggests
that the difference between same-response and color-congruent trials (i.e., when no color-
neutral baseline is included) simply confounds the (semantic) conflict produced by same-
response trials and facilitation produced by color-congruent trials (MacLeod, 1991). However,
the extent to which this is actually the case remains uncertain, since Burca et al.’s study did
not include color-congruent trials. As a result, no study has so far demonstrated that semantic
conflict contributes to overall Stroop interference in the 2-to-1 Stroop paradigm independently

of both response conflict and facilitation. Considering this as a necessary prerequisite for any

3 The absence of semantic conflict was supported further by Bayesian evidence for the null-hypothesis
and by the unchanged magnitude of associated pre-response pupillometric measures of effort (i.e., a reliable
measure of the potential differences between conditions, Hasshim & Parris, 2015).
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empirical demonstration of the specific age-effect (or lack thereof) on semantic vs. response

conflict in the Stroop task, the present study aimed to address this more fundamental issue.

The Present Study

To this end, items that are traditionally included in the 2-to-1 Stroop paradigm (De
Houwer, 2003) were supplemented by color-neutral word trials (Hasshim & Parris, 2014).
This addition enabled us to test adequately for the presence of semantic conflict predicted by
the multi-stage models of Stroop interference (e.g., Zhang & Kornblum, 1998) that were
favored a priori in the current study over the still-dominant single-stage response competition
models (e.g., Roelofs, 2003). With this design, the study was able to more unambiguously
measure age-related differences in response and semantic conflict. Consequently, if, as
reported by past studies (Augustinova et al., 2018; Li & Bosman, 1996), semantic conflict
(same-response trials — color-neutral trails) is indeed spared in healthy aging, its magnitude
will not differ between young and old adults. In contrast, response conflict (different-response
— same-response trials) will be greater in healthy aging adults as compared to their younger

counterparts.

2. Method

Participants and Design

Fifty-one older (i.e., over 65 years old) and fifty younger (i.e., below 35 years old)
native French-speakers reporting normal or corrected-to-normal vision and presenting no
impairment in color discrimination initially volunteered to participate in the study approved
by the local ethics committee. One older participant presented a medical history that included
a head injury and one other was undergoing a medical treatment for depression. Six months

prior to inclusion in the study, none of the other participants suffered from other psychiatric
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and/or neurological disorders. None of them declared taking any drug and/or following any
medical treatment that is known to impact the nervous system during the 48h prior to
inclusion. To ensure that the remaining participants fitted the inclusion criteria, they
completed a psychometric evaluation battery. To this end, the older adults completed the Mini
Mental State Examination (Folstein, 1975). The scores of two participants were lower than the
cutoff score of 25 points. The older adults also completed the Frontal Assessment Battery
(Dubois et al., 2000). None of them presented with a cutoff score of 16 (or 15 depending on
the participant's sociocultural level). A depression scale was then administered to both the
older and younger adults. No older adults reached the cutoff score of 7 on the short version
(15 items) of the Geriatric Depression Scale (Sheikh & Yesavage, 1986). In addition, none of
the younger adults reached the cutoff score of 8 on Beck’s Depression Inventory (Beck,1988).
In both groups, working memory was assessed with the forward and backward digit span
(WALIS, Wechsler, 2008). All participants had scores within the norm, recalling seven plus or
minus two items. Finally, to further assess differences in processing speed, the French
equivalent (Bugaiska et al., 2007) of the letter-comparison test (Salthouse, 1990) was
administered in both age-groups. After the exclusion of 5 participants in total (one was unable
to perform the manual 2-to-1 Stroop task due to reduced hand mobility), the Stroop data of
forty-six healthy older (36 females and 10 males; Mage = 74.04) and fifty younger adults (41
females and 9 males; Mage = 21.48) were analyzed in a 4 (Stimulus-Type: different-response
vs. same-response vs. neutral vs. congruent) x 2 (Age-Group: older vs. younger) ANOVA,

with the former factor as within-participants factor.

Apparatus, Stimuli and Procedure
After the psychometric evaluation presented above, the participants completed a

computerized version of the Stroop Task run using Eprime 2.0 software (Schneider et al.,
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2002). The participants were seated 70cm in front of a 13" portable computer and instructed
to identify the color of the stimulus presented on the screen, as quickly and accurately as
possible, by pressing the appropriate color-button and to ignore everything else in the display.
To this end, they were instructed to concentrate on the fixation cross (‘“+) that appeared for
2000msec in the center of the screen at the beginning of each trial. The stimulus remained on
the screen until the participant responded or until 3500msec had elapsed.

All stimuli were presented in lowercase Courier font, size 18, on a black background
and subtended an average visual angle of 0.9° high x 3.0° wide. The participants responded
manually using a modified SRBox® consisting of two handles, each of which had a single
response button at the top flanked by two color-stickers (blue and red on one handle, yellow
and green on the other, see Supplementary Materials). The participants pushed these response
buttons with their thumbs. This allowed them to hold each handle comfortably in their palms
with the remaining four fingers. The placement of the handles in the right or left hand,
respectively, was counterbalanced across participants.

To familiarize themselves with the color-button correspondence before completing the
experimental block, the participants first completed 96 practice trials consisting of asterisks.
Due to the low accuracy rate, 8 older participants had to repeat this practice block (3 of them
were later excluded from further analyses) before proceeding to the experimental trials. As in
Hasshim and Parris (2014, Exp. 2A), these consisted of 96 different-response, 48 same-
response, 48 color-neutral and 48 color-congruent trials. The trials were randomly intermixed
in a single block. To this end, four (French) color-words: rouge [red], jaune [yellow], bleu
[blue], and vert [green] presented in both congruent and incongruent colors and four non-
color words: plomb [lead], liste [list], page [page], cave [basement] presented in all the colors

were used. They were paired on length and frequency via Lexique 3.38 (New et al., 2004).
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3. Results and Discussion

Five older participants were excluded from further analyses: one due to faulty
recording, and the four others due to the fact that more than 33% of their data was removed
from the analysis after the 3SD correction and the exclusion of the wrong answers (see Table
1S in the Supplementary Materials for demographic and psychometric data of the remaining
participants). R7s greater than 3.SDs above or below each participant’s mean latency for each
condition were excluded from the analysis (i.e., less than 2% of the total data, corresponding
to 0.9% of younger adults’ data and 1.5% of older adults’ data). Consequently, R7s and errors
of the remaining 91 participants (41 older and 50 younger) were first analyzed in an omnibus
4 (Stimulus-Type: different-response vs. same-response vs. neutral vs. congruent) x 2 (Age-
Group: older vs. younger) standard and Bayesian ANOVA. The values for this latter ANOVA
were calculated with JASP (JASP Team, 2017) and interpreted according to Lee and
Wagenmakers (2013 adjusted from Jeffreys, 1961). All priors were equal. Recall that further
reported BF o 1s the Bayes factor giving the evidence for H1 over the null hypothesis (HO),
whereas BFo; is evidence for HO over H1.

For errors (see Table 1), these analyses revealed a main effect of Stimulus-Type
[F(3,267) = 19.03; p<.001, 1,° = 0.176; BF19= 4.450e+7], but not of Age-Group [F(1,89) =
018; p = .894, ,°<.000; BF 0= 0.227/BF1 = 4.396]. The Stimulus Type x Age-Group
interaction was also significant [F(3,267) = 3.11; p =.041, Greenhouse-Geisser corrected, 7,’
=0.034; BF10=1.130/BF0; = 0.884%]. However, the BF evidence in favor of an interaction

was only anecdotal®.

4 Since the different models that a Bayesian ANOVA compares against a null model never include
interaction alone, the BF values reported for all the interactions correspond to values obtained by dividing the BF
value of the model containing the two main effects and their interaction by the BF value of the model with the
two main effects only.

® The simple-main effect of Stimulus-Type was significant in both older [F(3,87) = 9.09; p<001, 5,° =
0.239; BF1o= 66195.29] and younger [F(3,87) = 3.26; p = .025, 5,°= 0.101; BF1o= 35.97] participants.
Unsurprisingly, and in line with the main effect of Stimulus-Type, further pairwise comparisons revealed that the
most errors in both age-groups were committed for different-response incongruent items (see Table 1 for
descriptive statistics and simple main-effects of Age-group). However, in the younger adults, %ER for these
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Given that the analysis of R7s showed a considerable but expected (see Table 2S in the
Supplementary Materials) general slowing in older adults (i.e., the significant Stimulus-Type
x Age-Group interaction [F(3, 267) = 14.78; p<.001; #,° = 0.142; BF19= 1.378e+6]), which
was qualified by a significant simple main effect of Age-Group for each type of Stimulus (all
p’s<.001, see Table 2S in the Supplementary Materials), these R7s were z-scored (e.g.,
Jackson & Balota, 2013). The same omnibus ANOVA then revealed a main effect of
Stimulus-Type [F(3,267) = 128.59; p<.001, #,° = 0.591; BF19= 1.459¢+59] that was also
included in the significant Stimulus-Type x Age-Group interaction [F(3,267) = 10.36; p<.001,
1> = 0.104, BF o= 706286.31], thus indicating that age-related differences persist even after

controlling for generalized slowing (see Table 1).

Is there any Semantic Conflict in the two-to-one Stroop paradigm?

To answer this key question, we first analyzed the aforementioned main effect of
Stimulus-Type. This analysis revealed that, as in De Houwer’s original study, the total Stroop
effect (Maifferent-response—Mecongruent, p<.001; BF19= 1.814e+24) resulted from a significant
contribution of both response conflict (Mdifferent-response— Msame-response; p <.001; BF19=
4.134e+11) and the difference between same-response and congruent trials (p<.001; BFo =
2.880e+10) — taken in previous studies as evidence for semantic conflict. However, the crucial
addition of color-neutral trials enabled us to show that, overall, this latter difference did
indeed confound the contribution of semantic conflict (Msame-response—Mueutral; p <.001; BF 0=
27038.729) and that of Stroop facilitation (Mneutra—Mecongruent, p = .016), which was moderate

BF10=17.835).

latter items differed only marginally from those observed for color-congruent ones — yielding only a marginally
significant overall Stroop effect (Muifferent-response—Mecongruent) 01 errors (p=.062; BF 9 = 1.751/BF¢; =0.571).
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This finding is consistent with MacLeod’s reasoning (1991) that in the absence of
color-neutral trials, the total Stroop effect (Maifferent-response—Mecongruent) 18 likely to confound two
qualitatively distinct phenomena: the Stroop interference (Madifferent-response—Mneutral) and
facilitation (Mneutra—Mecongruent) €ffects.

The decomposition of the Stimulus-Type x Age-Group interaction further revealed that
the simple main effect of Stimulus-Type was significant in both older [F(3,87) = 76.86;
p<.001, 5,°=0.726; BF 9= 1.876e+33] and younger [F(3,87) = 35.65; p<.001, 5,° = 0.551;
BF10=3.019e+26] participants. Further pairwise comparisons conducted in both age-groups
revealed that the significant total Stroop effect had the same structure, although excluding
Stroop facilitation (see Table 1 for descriptive statistics and magnitudes), which was no longer
significant in younger adults (p =.114, BFi1o= 0.621/BFo1 = 1.610).

The Stroop interference effect — which was significant in both age-groups (young
group: p<.001; BF10= 5.746e+10; older group: p<.001; BF10=3.195¢+10) — again resulted
from the significant contribution of semantic (Msame-respose — Mneutral) and response (Miaifferent-
response— Msame-response) conflicts (see Table 1)°,

Taken together, these results are therefore consistent with the idea that both semantic

conflict and response conflict contribute to Stroop interference. This pre-requisite being
satisfied (see Introduction), we can now go on to investigate the extent to which these

independent components of Stroop interference are influenced by healthy aging.

How does healthy aging influence semantic vs. response conflict in the Stroop task?
To address this issue, the magnitudes of semantic and response conflicts (see Table 1)

were analyzed in a 2 (Conflict-Type) x 2 (Age-Group: older vs. younger) ANOVA. This

61t should be noted, however, that Bayesian evidence for semantic conflict in younger adults remained
anecdotal (BF o = 1.893/BFp; = 0.528) despite the fact that moderate evidence in support of such a conflict was
found in a recent study by our research group (Burca et al., 2022)
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revealed a non-significant main effect of Conflict-Type [F(1,89) = 1.13; p = .292, 5,° = 0.012;
BF10=0.481/BF¢; = 2.078] as well as a significant [F(1,89) = 11.94; p = .001, 5,° = .118],
although anecdotal (BF10=1.529/ BFo1 = 0.654), main effect of Age-Group. It also revealed a
marginally significant [F(1,89) = 3.38; p = .069, #,° = 0.037], although anecdotal (BF o=
2.330/BFo1 = 0.429), Conflict-Type x Age-Group interaction. Even though evidence for this
interaction was only anecdotal, we decomposed it further by testing the simple main effect of
Age-Group at each level of Conflict-Type. Contrary to our expectations, this effect was
significant for semantic conflict [F(1,89) = 9.288; p = .003, #,° = 0.094; BF 9= 11.683/BF¢; =
0.086], with older adults presenting a much greater magnitude of semantic conflict than young
adults. Additionally, and also contrary to our expectations, the simple main effect of Age-
Group remained non-significant for response conflict [F(1,89) = 0.010; p = .922, 5,° = 0.000;
with evidence for the null effect of aging, BF10= 0.222/BF; = 4.512 (see Table 1)]’. Thus, the
present study clearly extends the dissociative nature of the age-effect to the two-to-one Stroop
paradigm. However, completely unlike past studies using the semantic Stroop paradigm
(Augustinova et al., 2018; Li & Bosman, 1996), it points to a greater magnitude of semantic

conflict in older adults.

4. General Discussion and Conclusion

Given that in all past Stroop studies, semantic conflict was potentially confounded with
either response conflict (e.g., when semantic-associative items [SKYpe] are used to induce
semantic conflict) or with facilitation (when color-congruent items [ BLUEp.] are used as a

baseline to derive a magnitude for semantic conflict), its contribution to the Stroop

! Additionally, the simple main effect of Conflict-Type was significant in younger adults [F(1,89) =
4.67; p=.034, ,°=0.050; BF1o=9.318] but not in older adults [F(1,89) = 0.275; p = .602, 5,°= 0.003; BFo=
0.278/BFg; = 3.597]. The additional BF+o=3.338 in younger adults indicates that they displayed more response
than semantic conflict, whereas BFo; = 5.298 in older adults indicates comparable magnitudes of both conflicts
(see Table 1).
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interference effect has so far been uncertain. Using the 2-to-1 Stroop paradigm (De Houwer,
2003) with a color-neutral baseline, the present study clearly demonstrated that the
contribution of semantic conflict is independent of both response conflict and Stroop
facilitation. Therefore, the present study provides an unambiguous empirical basis for the
composite nature of Stroop interference — as originally claimed by De Houwer (2003) based
on the multi-stage models of Stroop interference (Zhang & Kornblum, 1998; Zhang et al.,
1999)8.

Given that no such basis was available in past studies of age-related differences in the
Stroop task (Augustinova et al., 2018; Li & Bosman, 1996), the present study also
investigated the extent to which healthy aging influences these independent constituents of
Stroop interference. The reported results suggest a dissociative pattern opposite to that
reported in past studies: whilst response conflict was not affected by healthy aging, greater
semantic conflict was found in older adults. Therefore, the pattern that these studies report
could be due to less efficient control of this phonological processing in older adults. Such an
effect would not have been observed in the present study due to the use of manual responses.
Despite this, the issue surrounding the use of semantic-associative Stroop trials remains.

If, according to single-stage models of the Stroop task, the semantic associative Stroop
trials used in these previous studies induce only indirect response conflict (e.g., Roelofs,
2003), then the only conclusion that can be drawn from the studies by Augustinova et al.
(2018) and Li and Bosman’s (1996) is that overall response conflict is greater in older adults
but its indirect portion is unaffected by healthy aging. However, since the present study

unequivocally documented the existence of semantic conflict for the first time, it now seems

8Note that the unambiguous presence of Stroop facilitation additionally implies that magnitudes of
semantic conflict observed without color-neutral baseline are clearly inflated. This also concerns magnitudes of a
general conflict — central in cognitive control studies (e.g., Egner et al., 2010) — since this type of conflict is
inferred from the so-called Stroop congruency effect (BLUE ciiow—BLUEb.) using the same color-congruent
baseline.
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reasonable to assume that both semantic-associative and same-response trials actually induce
semantic conflict (but in unknown quantities for the former).

If we thus assume that the present and past studies mobilized the same processes (i.e.,
induced comparable levels of semantic conflict; Augustinova & Ferrand, 2014), the absence
of an age-effect on semantic associative interference could be potentially linked to the method
used to control for age-related general slowing. Indeed, proportional transformation — applied
first by Li and Bosman (1996) and later by Augustinova et al. (2018) — might actually (and
counterintuitively) create an advantage for older adults in the presence of slower RTs (Hedge
et al., 2018). This spurious advantage is no longer present when general slowing is controlled
by means of a more suitable transformation (i.e., z-scores; Faust et al., 1999; Hedge et al.,
2018) applied in the present study. To address this possibility directly, the data from
Augustinova et al. (2018) were z-scored and re-analyzed in the same way as the 2-to-1 data
reported above (see Supplementary Materials for a full description and results of these
analyses). In line with Hedge et al.’s reasoning about proportional transformation, not only
did the originally significant Conflict-Type x Aging interaction become non-significant, but
the additional Bayesian analyses actually provided moderate evidence against this interaction.
This suggests that the magnitudes of both semantic and response conflict in Augustinova et
al.’s z-scored data tended to be greater in older adults than in their younger counterparts (see
Table 3S).

While the results regarding semantic conflict are in line with those reported above,
discrepancies remain regarding the effect of healthy aging on response conflict. Although
these differences could be accounted for by the response mode difference highlighted above,
we also conducted cross-study analyses on the merged data sets (see Supplementary Materials
for a full description and results of the analyses). Again, Bayesian analyses provided moderate

evidence against a Conflict-Type x Aging interaction, suggesting that across two studies,
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healthy aging affected both the semantic and response conflicts. It should, however, be noted
that a Bayesian Independent Samples t-Test conducted for exploratory purposes actually
revealed anecdotal evidence against the age-effect on response conflict (see Table 4S), a
finding that appears consistent with the results obtained using the 2-to-1 paradigm reported
above. Alternatively, it also remains plausible that response conflict is unaffected in the 2-to-1
Stroop paradigm, not because of its specific nature but simply because its magnitude (i.e.,
smaller in the manual task than in the vocal tasks used in past studies) is too small to be
affected.

Although not our favored a priori hypothesis, the fact that the present study could have
mobilized different processes compared to past studies emphasizes the importance of
choosing the correct critical and control trials for measuring the variable under test. Of course,
no measure is perfect and we must therefore consider a limitation of the 2-to-1 paradigm that
could provide an alternative explanation for the apparently greater semantic conflict in older
adults. Because both dimensions of same-response trials provide evidence towards the same
response, they cannot (unlike semantic associates) generate response conflict. However, they
can still produce response facilitation. This opens up the possibility that the larger difference
between same-response and color-neutral trials observed in older adults in the present study
could actually be driven by greater response facilitation in younger adults, and not greater
semantic conflict in older adults. Nevertheless, while this account would directly predict
greater Stroop facilitation (which involves both response and semantic facilitation) in younger
adults, the present study actually reports the opposite — rendering this latter account unlikely.

To sum up, the present study has provided the clearest evidence yet of a contribution
of semantic conflict to overall Stroop interference (see also Parris et al., 2021, for a thorough
discussion of this issue). Moreover, this has enabled us to investigate the effect of healthy

aging on the independent constituents of the composite Stroop interference effect. In contrast
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to previous studies, the present study showed that semantic conflict is affected by healthy
aging. This finding prompted a re-analysis of the data from a previous study (Augustinova et
al. 2018) using a more suitable method of controlling for the effect of general slowing in
healthy aging (the same method as that employed in the present study). This re-analysis
revealed that, as indicated by the present study, there is evidence of modified semantic
conflict in healthy aging. Whilst the two studies diverge on the issue of the effect of aging on
response conflict, the difference might be explained by the fact that a vocal response mode
was used in both Augustinova et al. (2018) and Li and Bosman (1996), giving rise to the
possibility that the control of phonological processing is reduced in healthy aging. Although
both studies converged on the issue of semantic conflict, we would still recommend that
future studies use the 2-to-1 paradigm rather than the semantic-associates method given that
only the results from the present study show an unambiguous effect of aging on semantic
conflict. However, to address the still-open issue of the characteristics shared (or otherwise)
between same-response and semantically associated trials, future studies could combine the
two (Schmidt & Cheesman, 2005) and measure the interference they generate against a color-
neutral word baseline with more response-sensitive measures (e.g., EMG, mouse-tracking).
Given that these latter measures are also more sensitive to the actual time course of
interference, they are particularly suitable for further addressing the age-related differences in
the Stroop task. Indeed, the issue of the extent to which a greater magnitude of a given
conflict is due specifically to its greater activation (i.e, lower attentional selectivity, also
implying an age-related deficit in proactive control) or to its less efficient resolution (i.e, less
efficient inhibitory control, also implying an age-related deficit in reactive control) as yet
remains unresolved (see e.g., Coderre et al., 2011 for this type of distinction). In the light of
past research demonstrating an age-related deficit in proactive (e.g., Braver et al., 2001) as

opposed to reactive (e.g., Bugg, 2014) cognitive control, the first possibility seems more
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plausible than the second. This reasoning is reinforced by the fact that healthy aging might
actually amplify task conflict (i.e., a more general conflict that — for all readable Stroop items
including color-neutral ones — derives from the simultaneous preparation of two task sets:
word-reading vs. color-naming, e.g., Goldfarb & Henik, 2007; Kalanthroff et al., 2018).
Although, the significant age-effect on z-scored color-neutral stimuli observed in the present
study is consistent with this idea, future studies — which should include more appropriate
measures of task conflict — will need to address these possibilities directly.

The significant magnitudes of both semantic and response conflict observed in both
younger and older adults clearly suggest that the historically favored single-stage response
accounts of the Stroop interference effect are likely to be obsolete (e.g., Augustinova et al.,
2018; De Houwer, 2003; Risko et al., 2006). Also, and importantly, so too are the customary
implementations of Stroop interference/effect (BLUEgeen—DEALgreen/ BLUEbie) that are rooted
in these unitary models and from which the involvement of response and semantic processes
and their modulation are merely inferred. Thus, in conclusion, the present study strongly
encourages both the development of new integrative models of the Stroop interference eftect
(i.e., models that make room for relatively new types of conflict, e.g., Parris et al., 2021 for
discussion) and further empirical work addressing the processes underlying age-related

differences in the Stroop task based on such integrative models.
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6. Supplementary Materials

Table 1S. Demographic Variables and Mean Psychometric Test Scores as a Function of Participant Group

Younger Adults Older Adults
N=50 N=41

M SD CI M SD CI F P o
Age 2148 4.03  [20.34,22.62] 74.56  8.35 [71.92.7720] 157595 <001 .95
Education 15 ¢/ 507 11325, 14.43] 1146 434 [10.09.12.83]  11.74 —001 .12
(years)
MMSE! 29.00  1.30 [28.59.29.41]
FAR? 17.05  1.32 [10.06. 15.72]
BDUGDS® 1.10 145  [64. 1.55] 236 2.68 [1.60.3.12]
Forward
Digit Span 646 133 [6.08684] 5.51 1.79 [4.95.6.08] 8.39 005 09
Backward =, g0 119 [4.64.532) 410 148 [3.63. 4.56] 17.54 002 10
Digit Span
f;:;zssmg 33.80 498  [32.39.3521] 2388 5.14 [22.26.2550]  86.94 <001 .49
Note 1. Mini Mental State Examination (Folstein, 1975). For all remaining participants, the score was higher than the cutoff score of 25

points.

Note 2. Frontal Assessment Battery (Dubois et al., 2000). For all remaining participants, the score was higher than the cutoff score of 16
(or 15 depending on the participant's sociocultural level)

Note 3. Beck’s depression inventory (Beck,1988)/Geriatric Depression Scale (Sheikh & Yesavage, 1986). For all remaining participants,
the score was lower than the cutoff score of 8 and 7 points, respectively.

Note 4. The forward and backward digit span (WAIS, Wechsler, 2008) was used to assess working memory. All participants had scores
within the norm, recalling seven plus or minus two items.

Note 5. The French equivalent (Bugaiska et al., 2007) of the letter-comparison test (Salthouse, 1990) was used to assess differences in
processing speed. These were further confirmed by RTs in the Stroop task (see Table 2S).
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Table 2S. Color-Identification Performance in raw RTs (Means, Standard Errors, 95% Confidence Intervals) observed as

Function of Stimulus and Age

Younger Adults Older Adults
M M
RTs (SE) CI (SE) CI Age effect (RTs)
2 .
Different response (DR) ;14“) [664, 760] ?77% [924, 1030] 19657
Color-Incongruent items = -
673 033
Same Response (SR) (24) [625.721] 27 [880, 985] 2607 T
Color-Incongruent items -
635 867
Color-Neutral items (18) [619,692] (23) [827,907] $212% 7
. . 649 854 S
Color-Congruent items (20) [609, 690] (23) [809, 899] +205
. , M M
Amplitudes (based on RT’s) (SE) CI (SE) CI Age effect
Stroop Effect 63" 123777 -
(DR — Congruent) ©) [46. 79] ©) [105, 141] +60
Facilitation Effect Grsns 13°/ms ’)
- _ 2 4nsins
(Neutral — Congruent) (6) [-6.19] %) [--544.27] 7
Stroop Interfer ence Effect 567 110777 .
(DR — Neutrals) (9) [39.74] (10) [0, 130] 54
Response Conflict 3971 o < 4471 .
(DR —SR) 7 [26, 52] ® [30, 59] 5
Semantic Conflict 17 \ 6617 i
(SR — Neutrals) (9) [112. 35] (10) [46, 85] 48

Note: "™non-significant; °marginally significant at p=.060; “significant at p < .05; "significant at p <.01; fsignificant at p <.001; Bayesian
approach (presented after the slash): "™no evidence of an effect, with BF1o value between 0-1; ""anecdotal evidence in favor of H1, with
BF10 value between 1-3; *moderate evidence in favor of H1, with BF1o value between 3-10; **strong evidence in favor of H1, with BF1o
value between 10-30; T very strong evidence in favor of H1, with BF10 between 30 -100; ftextreme evidence in favor of H1/of an effect,
with BF10 <100
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Analyses of z-scored RT’s from Augustinova et al. (2018)

An omnibus 3 (Stimulus-Type: incongruent vs. semantically-associated vs. neutral) x
2 (Coloring: ALCC vs. SLCC) x 2 (Age-Group: older vs. younger) ANOVA on the z-scored
RTs of fifty-eight adults (29 younger vs. 29 older adults) showed a main effect of Stimulus-
Type [F(2, 112) = 140.55; p<.001; 5,° = 0.715; BF 0= 5.803e+41]. The main effects of
Coloring [F(1, 56) = .000; p = 1.000; 7,° = 0.000; BF 9= 0.118/BF1=8.505] and of Age-
Group [F(1,56) = .128; p = .722; n,° = 0.002; BF 9= 0.138/BF¢; = 7.270] proved to be non-
significant. Both the Stimulus-Type x Age-Group [F(2,112) = 6.88; p = .002, #,° = 0.109,
BFi10=25.21] and Stimulus x Coloring [F(2,112) = 20.53; p<.001, #,° = 0.268, BF 9=
34427.67] interactions were significant, with the BFs pointing to strong and extreme
evidence, respectively, in favor of these interaction effects alone’. Finally, the 3-way
Stimulus-Type % Coloring x Age-Group interaction was non-significant [F(2,112) =1.28; p =
283, 17,°=0.022, BF 9= 0.227/BF¢; = 4.391], with the BFs providing moderate evidence in
favor of the null hypothesis of an effect of the interaction alone.

The decomposition of the main effect of Stimulus-Type showed that, in line with
results originally reported by Augustinova et al. (2018), both standard (e.g., BLUEjyeliow —
DEAL/****yq10w) and semantic Stroop interference (e.g., SKYyellow — DEAL/****ye110w)
computed on z-scores were also significant. Indeed, z-scored RTs for incongruent and
semantically-associated stimuli were both significantly (ps<.001) longer than those for neutral
stimuli (with BF10=2.399¢+9 and BF 0= 501.448, respectively). This latter difference also
means that the semantic conflict was significant overall. Since z-scored RTs for incongruent
stimuli were significantly longer than those for semantically-associated stimuli (»p<.001; BF1o

= 58824.71), response conflict (i.e., conflict that was not specifically analyzed and reported in

1The reported BF values for interaction alone were obtained by dividing the BF value of the model
containing the interaction and the two main effects by the BF value of the model containing the main effects
only.
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Augustinova et al., 2018) was also found to be significant.

The decomposition of the crucial Stimulus-Type x Age-Group (see Table 3S)
interaction revealed that the simple main effect of Stimulus-type was significant for the
younger adults group [F(2,55) = 36.73; p<.001, 5,° = 0.572, BF10= 5.893e+15]%, with
significant standard Stroop interference (p<.001, BFio = 4.907e+8) resulting from a
significant response conflict (p<.001, BF10 = 193266.07) and a marginally significant
semantic conflict/interference (p =.078), and with Bayesian evidence showing anecdotal

evidence in favor of this latter effect (BFio= 1.633/BFo1 =0.613).

Table 3S. Color-Identification Performance on z-scored RTs (Means, Standard Error, 95%-Confidence Intervals)

observed as a function of stimulus-type, interference-type or conflict-type, and age-group in Augustinova et al.

(2018)
Younger Adults Older Adults Age-effect
M M
(SE) CI (SE) CI
-
Standard color incongruent '(202350) [.165, .285] '(306350) [.306, .425] 140
(BLUE ) ‘ :
-.143 -.142
Semantically-associated color ns/ns
incongruent (SKY;.q) (:030) [-204, -.082] (.030) [--203, -.081] +.001
Color neutral =225 -333
- - _ - */ns
(PUT,eq) (.032) [-.289, -.160] (.032) [-.418, -.289] +.129
M M
(SD) CI (SD) CI
Standard Stroop interference 4507/ 7197 X
(BLUE,uq — PUToq) (.053) [.344, .478] (053) [.613,.825] +.269™
Semantic Stroop 0827s* 210
interference/conflict '(045) [-.009, .173] '(045) [.121, .303] +129%ms*
(SKYred - PUTred) ’ '
Response conflict 368"/t [.258,.478] 507" 1t [.397, .617] +.1407s"
(BLUE eq — SKY,cq) (.055) (.055)

Note. Inferential approach: non-significant; ‘marginally significant at p<.10; “significant at p<.05; ““significant at p<.01; Bayesian
approach (presented after the slash): ™no evidence of an effect, with BFy; value between 1-3; "™ anecdotal evidence in favor of H1,
with BFjo value between 1-3; “moderate evidence in favor of H1, with BF, value between 3—10; *“strong evidence in favor of H1,
with BF,value between 10-30; fvery strong evidence in favor of H1, with BF, value between 30-100; extreme evidence in favor
of H1, with BF; value <100.

2 The BFs of the simple main effects were obtained by conducting a simple Bayesian ANOVA in each
group separately. The BFs of the further contrasts were obtained by conducting Bayesian Paired Samples-Tests
with the specified alternative hypothesis that the value 1 is higher than the value 2 (e.g., z-scored RTs for standard
color-incongruent trials > color-neutral trial).
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This decomposition further revealed that the simple main effect of Stimulus-Type was
significant in the older adults group [F(2,112) = 20.53; p<.001, ,° = 0.268, BF 9=
1.392e+23], with significant Stroop interference (p<.001, BF10= 6.987¢+9) being observed
and combining both a significant response (p<.001, BFio= 2.143e+7) and semantic
conflict/interference (p = .001, BF10= 645.67).

For the purposes of comparison with conclusions reported in Augustinova et al. (2018)
based on analyses of proportional transformations of standard vs. semantic Stroop
interference, magnitudes of both types of interference computed from z-scored RTs were
further analyzed in a 2 (Interference-Type: standard vs. semantic Stroop Interference) x 2
(Coloring: ALCC vs. SLCC) x 2 (Age-Group: Younger vs. Older adults) ANOVA (see Table
3S). This analysis revealed a significant main effect of Interference-Type [F(1,56) = 126.38;
p<.001, 1,°=0.693] and of Coloring [F(1,56) = 23.61; p<.001, #,° = 0.297], both supported
by extreme Bayesian evidence (BFio=3.073e+15 and BFio= 1506.80, respectively). It also
revealed a significant main effect of Age-Group [F(1,56) = 11.92; p = .001, 5,°=0.175] that
was supported by moderate Bayesian evidence (BFi9= 8.151). The Interference-Type x
Coloring interaction was significant [F(1,56) = 18.26; p<.001, 5,° = 0.246, BF o= 35.35].
Neither the Age-Group x Coloring interaction [F(1,56) = .850; p<.361, 5,°=0.015, BFjo=
0.294/BFo1 = 3.41], nor the 3-way Interference-Type % Coloring x Age-group interaction
proved to be significant [F(1,56) = .850; p = .361, ,° = 0.015, BF 9= 2.37683E-22/BF¢ =
2.40]). In sum, these different results mirror those reported in Augustinova et al. (2018) with
proportional transformations of standard vs. semantic Stroop interference.

Indeed, as with proportional transformations reported in Augustinova et al. (2018), the
crucial Interference-Type x Age-Group interaction was marginally significant [F(1,56) =
3.182; p = .080, 5,°= 0.054]. However, Bayesian evidence (BF o= 0.566/BFo; = 1.766)

actually revealed anecdotal evidence in favor of the null hypothesis. This absence of
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interaction suggests that when magnitudes of interference are computed from z-scored RTs,
healthy aging influences both standard and semantic Stroop interference in tandem. To
examine this possibility further, we analyzed the simple main effect of Age-Group at each
level of interference (see Table 3S) in a simple 2 (Interference-Type: standard vs. semantic
Stroop interference) x 2 (Age-Group: younger vs. older adults) ANOVA. This effect was
significant for both standard [F(1,56) = 12.93; p<.001, 5,° = 0.188; BFjo=85.132) and
semantic [F(1,56) = 4.05; p = .049, 5,°= 0.067] Stroop interference, although Bayesian
evidence in favor of an effect of aging on semantic Stroop interference was only anecdotal
(BF10=2.715/BFo1 = 0.368). Taken together, these analyses indicate that the magnitude of
semantic Stroop interference computed from z-scores is greater in older adults than in their
younger counterparts. This also suggests that when computed from z-scores, both semantic
and response conflict are actually affected similarly by healthy aging.

To assess this latter idea directly, magnitudes of conflicts (see Table 3S) computed
from z-scored RTs were further analyzed in a 2 (Conflict type: semantic vs. response) x 2
(Coloring: ALCC vs. SLCC) x 2 (Age-Group: older vs. younger) ANOVA. This revealed
significant main effects of Conflict-Type [F(1,56) = 22.91; p<.001, 5,° = 0.290, BF1o=
2.388e+6], Coloring [F(1,56) = 36.65; p<.001, 5,°= 0.396, BF19=91.574], and of Age-Group
[F(1,56) = 12.95; p<.001, 5,° = 0.188, BF19= 1.973]. Both the Conflict-Type x Age-Group
[F(1,56) = 0.005; p = .943, ,° = 0.000, BF19= 0.199/BFo; = 5.011] and Coloring x Age-
Group [F(1,56)=1.92; p = .171, 5,°=0.033, BFio= 0.270/BFo; = 3.666] interactions
remained non-significant (with moderate Bayesian evidence against both interactions).
Finally, the Conflict type x Coloring x Age-Group interaction also remained non-significant
[F(1,56) = 0.579; p = .450, 1,° = 0.010, BF o= 0.354/BF¢; = 2.822] (with anecdotal Bayesian
evidence against the 3-way interaction).

Both the moderate Bayesian evidence against the Conflict-Type x Age-Group
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interaction, and the main effect of Age-Group are consistent with the idea that healthy aging
affects semantic and response conflicts in tandem. In line with the anecdotal evidence for the
main effect of Age-Group, Bayesian Paired Samples T-Tests conducted for exploratory
purposes revealed anecdotal evidence for larger magnitudes of semantic (BF10=2.715/BFo1 =
0.368) and response (BF10=1.922/BFo; = 0.520) conflict in older adults than in their younger
counterparts.

These additional analyses using z-scored RTs are at odds with the results originally
reported by Augustinova and colleagues on proportional transformations. Indeed, they showed
that both standard and semantic Stroop interference are affected by healthy aging, with the
magnitudes of both being greater in older adults. These effects are due to the fact that both
semantic and response conflicts (calculated from z-scores) tend to be experienced more
intensely by healthy older adults. It should be noted that these latter results are also at odds
with those reported in the present manuscript showing that healthy aging amplifies the
magnitude of semantic conflict but leaves the magnitude of response conflict unaffected.

To address these discrepancies directly, we first computed Winer’s z-tests combining F'
values for independent interactions (Winer, 1971, pp. 49-50, see e.g., Ferrand et al., (2020);
Tse & Neely, 2007 for applications). First F' values for 3 (Stimulus-Type: standard
incongruent/different response vs. semantic/same response vs. neutral) x 2 (Age-Group:
adults vs. older adults) ANOVA from the present study® and from the additional analysis of
data reported above were combined. Since, taken separately, both of these interferences were
significant, it was not surprising that the z-score was also significant (z = 10.127, p<.001).
This was also the case (z =2.227, p = .006) for the Interference-Type x Age-Group

interaction, which was marginally significant in Augustinova et al. (2018, see above) and non-

3 The F from the present study [F(2,178) = 7.541; p<.001, 5,° = 0.078] used for Winer’s z-test did not
include color-congruent trials.
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significant in the present study*. The final Winer’s z-test combined the independent F values
for the Conflict-Type x Age-Group interaction, which was non-significant in Augustinova et
al. (2018, see above) and marginally significant in the present study®. This also turned out to
be significant (z=2.360, p=.004). In the light of these significant values, we conducted cross-
study analyses in order to examine the effects of healthy aging across the two independent

studies using a more conservative Bayesian statistical approach.

Cross-study analysis

To this end, the two data sets were averaged and analyzed in a 3 (Stimulus-Type:
standard incongruent/different response vs. semantic/same response vs. neutral) X 2 (Age-
Group: younger vs. older adults) omnibus ANOVA (see Table 4S). This analysis revealed a
main effect of Stimulus-Type [F(2,294) = 229.86; p<.001, 7,>= 0.610; BF10 = 3.153e+77].
The main effect of Age-Group was also significant [F(1,147) = 7.311; p = .008, 5,>= 0.047],
but Bayesian evidence actually showed moderate evidence in favor of the null hypothesis
(BF10=0.151/BFo1 = 6.638). In line with the aforementioned Winer’s z-score, the Stimulus-
Type x Age-Group interaction was significant [F(2,294) = 12.79; p<.001, 5% = 0.080; BF10=
318934.59]. Its decomposition showed that in younger adults, the significant Stroop
interference (p<.001; BF10=1.939e+18 combined both a significant response conflict
(p<.001; BF10=7.098e+11) and a significant semantic conflict/interference (p =.003; BFo =
12.730). The same pattern was observed in the older adults’ group, with the significant Stroop
interference (p<.001; BF10= 1.814e+20) including both a significant response conflict

(p<.001; BF10=2.089e+11) and a significant semantic conflict (p = .001; BFyo = 2.223e+7).

# The F from the present study (not including color-congruent trials) is [F(1,89) = 0.10; p = .921, 5,°=
0.000].

® The F from the present study (not including color-congruent trials) is [F(1,89) = 3.337; p = .069, ,° =
0.037]
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Given that both types of interference were significant in the younger and older adults,
their magnitudes were analyzed directly in a 2 (Interference-Type: standard vs. semantic) x 2
(Age-Group: younger vs. older adults) ANOVA (see Table 4S). This revealed significant
main effects of Interference-Type [F(1,147) = 182.73; p<.001, 5,>= 0.554; BF10=
1.780e+24], and Age-Group [F(1,147) = 24.60; p<.001, #p> = 0.143; BF10= 3102.25].
Although, and to some extent in line with the aforementioned significant Winer’s z-Test, the
Interference-Type x Age-Group interaction was marginally significant [F(1,147) = 2.93; p=
.089, 7,2 = 0.020], Bayesian evidence actually revealed anecdotal evidence against this
interaction (BF10=0.622/BFo1 = 1.605). This absence of interaction suggests that across the
two independent experiments, standard and semantic Stroop interference computed from z-
scores are affected similarly by healthy aging (see Table 4S). This is likely due to the fact that
both semantic and response conflicts are experienced to a greater extent by healthy older
participants (compared to their younger counterparts).

To assess this idea directly, the magnitudes of semantic and conflicts were analyzed in a 2
(Conflict-Type: semantic vs. response) x 2 (Age-Group: younger vs. older adults) ANOVA.
This revealed a main effect of Conflict-Type [F(1,147) = 19.003; p<.001, 5,°= 0.114; BF1o=
53777.26] and of Age-Group [F(1,147) = 22.76; p<.001, 5,°=0.134; BF o= 19.689]. Unlike
Winer’s z-score, the Conflict-Type x Age-Group interaction was not significant [F(1,147) =
742; p = 390, n,° = 0.005], with Bayesian evidence providing moderate evidence against the
interaction (BF10= 0.277/BFo1 = 3.603). This absence of interaction is indeed consistent with
the idea that both semantic and response conflicts are experienced to a greater extent by
healthy older participants (compared to their younger counterparts). It is, however, noteworthy
that as in the data from the 2-to-1 Stroop paradigm reported in the main manuscript, Bayesian
Independent Samples T-Test conducted for exploratory purposes (see Table 4S) actually

revealed anecdotal evidence against the age-effect (BF10= 0.668/BF¢1 = 1.497) on response
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conflict, whereas it provided very strong evidence (BF10=47.539) in favor of this effect on

semantic conflict.

Table 4S. Color-Identification Performance on z-scored RTs (Means, Standard Error, 95% Confidence Intervals)

observed as a function of stimulus-type, interference-type or conflict-type, and age-group in the two independent

experiments
Younger Adults Older Adults Age-effect
M M
(SE) CI (SE) CI
Standard color incongruent
/ Different r n 233 [.197, .269] 332 [.313,.391] +.119™/f
erent response cotgy L197- (.020) 313,. .
Semantically-associated _036 006
color incongruent / Same [-.072,.000] ) [-.033,.044] +.041"/ms
(.018) (.019)
response
Color neutral -117 -215 [-.252, - /s
(017) [-.151, -.082] (018)  .178] +.098
M M
(SD) CI (SD) CI
Standard Stroop 3507 5677 +.218"/ft
interference Tt [.288, .411] t [.502, .633]
(Standard/DR — neutral) (.031) (.033)
Semantic Stroop o4 2217
interference/conflict ) f +.140™f
(Semantically-associated/SR (:027) - 1.028,.134] (.029) (164, .277]
— neutral)
Response conflict 269%/ (207, 330] 346"
(Standard/DR — Semantically- 7 I f [.281, .412] +.0787™
associated /SR (.031) (.033)

Note. Inferential approach: "non-significant; °marginally significant at p<.10; *significant at p<.05; **significant at p<.01; Bayesian approach
(presented after the slash): ™no evidence of an effect, with BFO1 value between 1-3; ns*anecdotal evidence in favor of H1, with BF10 value
between 1-3; *moderate evidence in favor of H1, with BF10 value between 3—10; **strong evidence in favor of H1, with BF10 value between
10-30; fvery strong evidence in favor of H1, with BF10 value between 30-100; {{extreme evidence in favor of H1, with BF10 value <100.
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CHAPTER THREE: FURTHER INVESTIGATION OF DISTINCT COMPONENTS OF STROOP
INTERFERENCE AND OF THEIR REDUCTION BY SHORT RESPONSE-STIMULUS INTERVALS: NEW

EVIDENCE FROM THE TWO-TO-ONE STROOP PARADIGM.

1. Introduction

When performing the Stroop task (Stroop, 1935), individuals are instructed to identify —
as quickly and accurately as possible — the font color of written stimuli while ignoring their
actual meaning. These instructions are particularly challenging to follow when the to-be-
ignored word dimension of written stimuli denotes a different color — as is the case in the
emblematic color-incongruent trials (e.g., the word “BLUE” displayed in green; hereafter
BLUEgreen). Indeed, color-identification times are consistently longer (and more error-prone)
for this type of trials compared to those observed for different baseline trials.

Given the number of studies that have employed the Stroop task since its inception in

1935 (Stroop, 1935; see also e.g., MacLeod, 1991, 2005, Parris et al., 2021 for reviews), it is
no surprise that a variety of different baselines have been employed. Commonly, the
aforementioned difference in color-naming times (and error rates) between color-incongruent
and color-congruent trials (e.g., the word “BLUE” displayed in blue, hereafter BLUEbiuc) 1S
referred to as the overall Stroop effect or congruency effect; and that between color-
incongruent and color-neutral trials (e.g., DEALgreen) as the Stroop interference effect (e.g.,
MacLeod, 1991, Parris et al., 2021). Although these two Stroop phenomena are different in
the quantity of interference they actually involve, both are used as indicators that despite
being explicitly instructed not to, participants still attend to the irrelevant word-dimension of
Stroop items (i.e., process its meaning). Indeed, incidental semantic processing of the

irrelevant word-dimension of color-incongruent Stroop items, specifically, slows in turn the
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participants’ performance because a response induced by this latter dimension (e.g., say
blue/press blue for BLUEjyeiow) interferes with that induced by the relevant color dimension
(e.g., say yellow/press yellow for BLUEjeliow, see also e.g. Cohen et al., 1990; Glaser &
Glaser, 1989; Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990, Roelofs, 2003).
Therefore, numerous studies — including those of Stroop himself — have tried to identify
interventions that improve attentional selectivity in the Stroop task (see e.g., Augustinova &
Ferrand, 2014; MacLeod, 1991; Parris et al., 2021 for reviews).

One intervention that seems to be particularly effective is to shorten the time that
elapses between the participant’s response and the presentation of a new stimulus on a
computer screen (i.e., response stimulus interval, hereafter RSI; De Jong et al., 1999). Indeed,
past researches have repeatedly demonstrated that this experimental manipulation — causing
participants to perform the Stroop task at a much faster rate than is ordinarily the case —
considerably reduces the magnitude of resulting Stroop interference (De Jong et al., 1999; see
also e.g., Augustinova et al., 2018; Jackson & Balota, 2013; Parris, 2014). Despite this, the
processes underlying this reduction are still poorly understood. Consequently, this paper
attempted to shed more light on the level of processing at which the benefit of a short (as

opposed to long) RSI takes its effect.

At what level of processing the benefit of a short (as opposed to long) RSI takes its

effect?

Even though Stroop interference is often conceptualized as a measure of people’s
attentional selectivity (i.e., of their ability to focus on one thing while ignoring other things,
see e.g., Ruthruff & Lien, 2016), the extent to which the magnitude of this inference
specifically results from their focus on the relevant color-dimension is often disregarded.

Indeed, Stroop interference is usually viewed as a consequence of people’s failure to inhibit
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the irrelevant word-dimension (e.g., “BLUE” for BLUEye1ow) specifically such that the Stroop
task is seen as a prototypical inhibition task (see e.g., Miyake et al., 2000).

De Jong and colleagues (1999) reasoned that the failure to inhibit the irrelevant word
dimension does not necessarily reflect genuine limitations in people’s inhibitory capabilities
but rather certain limitations in the ability to deploy these capabilities consistently during the
executive control of task performance. More precisely, and in line with the idea of the
importance of attentional selection as emphasized above, these authors argued that the ability
to inhibit the irrelevant word dimension is fully available only when the individual’s attention
is intently focused on the relevant color-dimension. As mentioned above, in order to enhance
this latter focus on the relevant color-dimension, De Jong and colleagues (1999) suggested to
shorten a rather conventional RST of 2000 ms to 200 ms. As a consequence, in a two-response
spatial Stroop task (i.e., responding to the words “ABOVE” and “BELOW” presented either
above or below the fixation point), a short RSI substantially reduced the ensuing Stroop-like
interference. More specifically, the magnitude observed at a RSI of 2000 ms dropped from 47
ms to a non-significant 11 ms when a short RSI of 200 ms was used. This statistical
elimination of the Stroop-like interference was therefore in line with De Jong and colleagues’
(1999) original reasoning that performing the Stroop-like task at a faster pace increases
participants’ ability to focus on the relevant (i.e., color) dimension of Stroop words and thus
to inhibit the irrelevant (i.e., word) dimension of these words more consistently (see also
Jackson & Balota, 2013 for the same reasoning).

Although neither De Jong and colleagues (1999), nor Jackson and Balota (2013) had
actually addressed this issue explicitly, according to so-called single-stage response
competition models of the Stroop interference effect as that of Roelofs (2003, see also e.g.
Cohen et al., 1990; Glaser & Glaser, 1989; Logan, 1980; Melara & Algom, 2003; Phaf et al.,

1990), this more efficient suppressing the word-dimension of color-incongruent Stroop words
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in a short RSI of 200 ms should lead to a smaller competition at the level of response output
(i.e., to reduce a response conflict depicted above). Indeed, according to this dominant view of
Stroop interference as a unitary phenomenon (i.e., phenomenon generated by a single type of
conflict), a short RSI of 200 ms (exactly as other interventions) is expected to reduce a
competition between two alternative responses indicated by the two dimensions of the Stroop
stimulus.

In contrast, Zhang and colleagues’ two-conflicts model (1999; see also Zhang &
Kornblum, 1998) anticipates the Stroop interference effect to result from two distinct
conflicts. From this point of view, in addition to the aforementioned conflict occurring at the
level of response output (i.e., response conflict), another conflict is thought to occur at the
level of semantics (hence semantic conflict). Therefore, if De Jong and colleagues (1999, see
also Jackson & Balota, 2013) are accurate in their reasoning that the ability to inhibit the
irrelevant word dimension of Stroop words is being more efficiently deployed when
individuals’ attention is fully focused on the color dimension (as it is with short RSI), then —
in this composite view of the Stroop interference effect — both semantic and response conflicts
in tandem or semantic conflict alone should be reduced in short RSI condition.

Both of these predictions contrast with the reasoning outlined in the study of Parris
(2014a). It reported non-significant Stroop interference but rather large facilitation in the short
RSI condition (as opposed to non-significant Stroop facilitation but rather large interference
in the long RSI). This joint pattern of lowered interference and boosted facilitation was taken
as an indication of reduced fask conflict (Bench et al., 1993b; Goldfarb & Henik, 2007b;

Hershman & Henik, 2020b)! in the short RSI condition.

! Recall that task conflict is a more general conflict that — for all readable Stroop items including color-
neutral ones — is thought to derive from the simultaneous preparation of two task sets: word-reading vs. color-
naming.
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Finally, to complicate this issue further, the only published study that tackled the
question of different types of conflict directly following a manipulation of RSI, Augustinova,
et al. (2018) found that shortening the RSI only reduces response conflict but leaves both task
and semantic conflict unaffected. Notably however, this study measured semantic conflict via
semantic-associative interference (e.g., SK Yyelow — DEALyeliow). It therefore remains prone to
criticisms — already outlined by Burca et al. (2021, see also Burca et al., 2022 and chapters 1
& 2) — that stem from unitary or single-stage response competition models.

In line with the aforementioned idea that a unique (i.e., response) conflict is the
driving force behind the Stroop interference effect, single-stage response competition models
argue that semantic associates (i.e., SKYyelow) €licit incorrect response activity (e.g., say
“blue”/press blue for SKYyeliow) indirectly — through their association with the response-set
colors (blue in this case). Therefore, it remains possible that semantic-associative interference
(e.g., SKYyellow— DEALyenow) measured in Augustinova and colleagues’ study results entirely
from response conflict (e.g., Roelofs, 2003). As a consequence, Augustinova et al.’s (2018)
study failed to demonstrate satisfactorily that the type of conflict that is spared by short RSI is
semantic (i.e., due specifically to a slowdown that occurs whenever two distinct yet closely
related semantic representations are simultaneously activated in an amodal semantic network;
see e.g., Seymour, 1977, for discussion). In totality, the study of Augustinova et al. (2018)
raises more issues than it actually solves. Indeed, it raises a more general and still-open issue
of whether there is a semantic conflict in the Stroop task. Furthermore, the measure of task
conflict it used is far from optimal (see Parris et al., 2021 for discussion) and not directly
comparable with that used by Parris (2014). Therefore, the goal of the paper was to shed more

light on both of these issues.
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Is there any semantic conflict in the Stroop task?

To address this question — raised again? by Zhang and colleagues’ two-conflicts model
(1999; see also Zhang & Kornblum, 1998) —, De Houwer (2003) ingeniously construed what
it is now called the two-to-one Stroop paradigm. In this paradigm, all the distractors are part
of the response set (e.g., BLUE, RED, GREEN, YELLOW). Also, and importantly, responses
for paired target colors are mapped to only one response-key (e.g., ‘f° for blue and red and ‘j°
for green and yellow). As a result of this response-mapping, standard incongruent Stroop trials
like BLUEjye1ow provide evidence toward two different responses (they are therefore termed
different-response trials). Indeed, relevant color-dimension (YELLOW) prompts the correct
response activity toward j’ key, whilst the irrelevant word-dimension (BLUE) prompts the
incorrect response activity toward ‘f* key. There is no such (response) conflict on trials like
BLUE:q since both dimensions of the Stroop stimulus provide evidence toward the same
response. Consequently, according to unitary or single-stage response conflict models
mentioned above (e.g., Roelofs, 2003, see also e.g. Cohen et al., 1990; Glaser & Glaser, 1989;
Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990), these latter trials should not produce
any interference, as they do not involve any response conflict.

However, in De Houwer (2003)’s study not only were both different- and same-
response trials responded to slower than baseline identity or color-congruent trials (BLUEblue),
but also, different-response trials were responded to slower than same-response trials (e.g.,
RTs to BLUEgreen > RTs to BLUEq). Therefore, in line with the two-conflicts model of Zhang
and colleagues mentioned above (H. Zhang et al., 1999; H. Zhang & Kornblum, 1998a), these

results allowed De Houwer (2003) to conclude that different-response trials generate both

2 Recall that both MacLeod (1991) and Logan and Zbrodoff (1998) argued that the evidence in favor of
early selection accounts anticipating this type of conflict was not sufficient. Therefore, until up to Zhang and
Kornblum (1998), this issue was considered as solved such that there is no such contribution of the Stroop
interference effect.
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semantic and response conflicts, whereas interference produced by the same-response trials
results solely from semantic conflict.

These findings have largely been replicated since (e.g., A. Chen et al., 2011, 2013; Z.
Chen et al., 2013b; Hershman & Henik, 2019a, 2020b; Jiang et al., 2015; Saban & Schmidt,
2021b; Schmidt et al., 2018; Schmidt & Cheesman, 2005a; Shichel & Tzelgov, 2018b; Van
Veen & Carter, 2005). Despite these convergent empirical results, the contribution of semantic
conflict to the overall color-word Stroop effect still remains an open empirical issue (see
Parris et al., 2021 for ample discussion).

Indeed, all studies employing this measure of semantic conflict — including De
Houwer (2003) — have used color-congruent (or identity) trials as the baseline against which
interference induced by same-response trials is measured. Therefore, unitary or single-stage
response conflict models of the Stroop effect (Cohen et al., 1990a; Glaser & Glaser, 1989;
Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990; Roelofs, 2003a) can still easily
account for this difference as resulting from facilitation on color-congruent trials (as opposed
to interference on same-response trials). In line with this possible interpretation, Hasshim and
Parris (2014, 2015) consistently reported significantly longer RTs for same-response trials
than for color-congruent trials, but no difference between same-response trials and color-
neutral trials (i.e., trials that are free of facilitation, see e.g., Brown, 2011; MacLeod, 1991a
for discussion). The absence of semantic conflict was supported further by Bayesian evidence
for the null-hypothesis and by the unchanged magnitude of associated pre-response
pupillometric measures of effort (i.e., a reliable and more sensitive measure of the potential
differences between conditions; Hasshim & Parris, 2015; Parris et al., 2021).

While in terms of reaction times, the study of Hershman and Henik (2020b) reported
no evidence for a difference between same-response and non-word color-neutral trials (e.g.,

XXXXone, hence replicating the pattern of results reported by Hasshim and Parris, including
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conclusions based on Bayes factors), they did report a difference between these two
conditions in pupillometric measures (see also Hershman & Henik, 2020b). Moreover, in
perfect contrast to Hasshim and Parris (2014, 2015), Burca et al. (2021, see Chapter 1)
reported a significant difference between same-response and color-neutral word trials (e.g.,
DEALpne). They, therefore, argued that the difference between same-response and color-
congruent trials (i.e., when no color-neutral baseline is included) simply confounds the
semantic (stimulus) conflict produced by same-response trials and facilitation produced by
color-congruent trials (MacLeod, 1991a). However, since their study did not include color-
congruent trials, their reasoning remained tentative until the actual inclusion of this type of
trial in a subsequent study. This latter addition made it possible for Burca et al. (2022, see
Chapter 2) to isolate a robust contribution of semantic conflict to the overall Stroop effect that
was clearly independent of both response conflict and Stroop facilitation. Indeed, overall, the
Bayesian evidence in favor of semantic conflict was extreme (so was the Bayesian evidence
in favor of response conflict, while that in favor of Stroop facilitation was moderate).
Therefore, beyond confirming the composite nature of the overall Stroop effect (i.e., as
comprising both interference and facilitation phenomena; see MacLeod, 1991a), this latter
study provided the first unambiguous empirical demonstration that Stroop interference itself
is a composite phenomenon. Indeed, as originally claimed by Zhang and colleagues’ multi-
stage model of Stroop interference (H. Zhang et al., 1999; H. Zhang & Kornblum, 1998a), it
results from at least two distinct types of conflict (semantic vs. response conflict).
Nevertheless, this latter demonstration comes from a single experiment — as opposed to
several experiments carried out by Hasshim and Parris (2014, 2015). Therefore, the actual
contribution of semantic conflict in the two-to-one Stroop paradigm, and more generally the

composite (as opposed to unitary) nature of color-word Stroop interference — suggesting that
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selection in the Stroop task can occur independently of response competition — remains an

open empirical issue.

The Present study

In line with the idea of robust and reproducible science, the first goal of the present
study was to replicate the contribution of semantic conflict in the two-to-one Stroop paradigm
administered with both color-congruent and color-neutral baselines (Hasshim & Parris, 2014,
Exp. 2; Burca et al., 2022). As in all studies using the original two-to-one Stroop paradigm
(De Houwer, 2003), RTs for same — and different-response trials were both expected to be
longer than those observed for color-congruent trials, and RTs for different-response trials
were expected to be longer than those for same-response trials. If, in agreement with unitary
or single-stage response competition models (Cohen et al., 1990a; Glaser & Glaser, 1989;
Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990; Roelofs, 2003a), there is no
contribution of semantic conflict to the overall Stroop effect, the difference between same-
response and color-congruent trials will be entirely driven by facilitation. In that case, the
Bayes factor will show evidence against the difference in RTs between same-response and
color-neutral trials — as previously reported by Hasshim and Parris (2014, 2015). In contrast,
if in line with Zhang and colleagues (H. Zhang et al., 1999; H. Zhang & Kornblum, 1998a),
the Stroop effect is indeed a composite phenomenon (and so is Stroop interference), then
same-response trials will produce significant semantic conflict (i.e., the difference between
same-response and color-neutral trials will be significant). Also, and importantly, its
contribution will be independent of both response conflict (i.e., the significant difference
between different and same-response trials) and facilitation (i.e., the significant difference

between congruent and color-neutral trials) — as previously reported by Burca et al. (2022).
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Since this latter prediction corresponds to the replication of our own findings, it was the one
that the present study a priori favored.

Also, and importantly, the contribution of all these latter constituents (facilitation and
interference — itself composed of both semantic and response conflicts) is the sine qua non
condition for examining the level of processing at which the benefit of a short (as opposed to
long) RSI takes its effect. This examination corresponded, indeed, to the second goal of the
present study. If the ability to inhibit the irrelevant word dimension of Stroop words is being
more efficiently deployed when individuals’ attention is fully focused on the color dimension
(as it is with short RSI, see e.g., De Jong et al., 1999, Jackson & Balota, 2013), then both
semantic and response conflicts in tandem or semantic conflict alone should be reduced in
short (as opposed to long) RSI condition. Conversely, if short (as opposed to long) RSI leaves
the ability to inhibit the irrelevant word dimension of Stroop words unaffected and influences
only the ability to inhibit the (irrelevant) response that this latter dimension prompts, then it
should only reduce response conflict (Augustinova et al., 2018). Since the former (unlike the
latter) pattern of results is likely to extend those of Burca and colleagues (2021) to the effect
of RSI, it corresponded to our a priori prediction.

It should be noted that neither of these competing predictions are actually
contradictory with the one of Parris (2014). Recall that Parris (2014) attributed reduced
Stroop interference in short (as opposed to long) RSI to lowered task conflict. Yet, the
reduction of this latter conflict can occur with that of other types of conflict (see e.g., Shichel
& Tzelgov, 2018). In the latter study both task conflict and semantic conflict (although
derived as a difference between same-response and color-congruent items) were reduced by
the variations in the proportion of non color-neutral trials but the response conflict was not. If
task conflict is indeed reduced along with semantic and response conflict (or semantic conflict

alone, see above) in the present study, then reduced interference in short RSI should occur in
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concert with boosted facilitation — the latter being a prima facie evidence that the short RSI
(also) influence the task conflict in the Stroop task. To examine these different hypotheses
linked to the benefit of short (as opposed to long) RSI, slow responding was induced as in the
initial study of De Jong and colleagues (1999) by employing an RSI of 2000 ms (henceforth
long RSI) for half of the participants, and faster responding was induced by employing an RSI

of 200 ms (henceforth short RSI) for the other half of the participants.

2. Method

Participants and Design

Fifty-two younger adults (32 females and 20 males, Mage = 24.75, SDage= 3.53)
reporting normal or corrected to-normal color vision volunteered to take part in this
experiment. Its data collection was function of 4 (Stimulus-Type: different-response vs. same-
response vs. neutral vs. congruent) x 2 (RSI: short vs. long) experimental design with the RSI

being a between subjects’ factor.

Procedure, apparatus, stimuli and design

Once they have signed an informed consent, all the participants underwent a short
interview confirming that six months prior to inclusion in the study, none of them suffered
from psychiatric and/or neurological disorders. It further confirmed that 24 hours prior to
inclusion in the study, none of them consumed substances known to influence the response.
Finally, this interview further confirmed that they indeed presented normal color vision. They
then completed a computerized version of the Stroop Task presented via Eprime 2.0 software
(Schneider et al., 2002). To this end, the participants were seated at a distance of 70cm in
front of the 13 portable computer, and instructed to identify the color of the stimulus

presented on the screen, as quickly and accurately as possible by pressing the appropriate
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color-button, while ignoring everything else on the display. They were specifically instructed
to concentrate on the fixation cross (“+”) that appeared in the center of the screen at the
beginning of each trial, with a duration of 200msec in the short RSI condition vs. a duration of
2000msec in the long RSI condition. The participants were assigned randomly to the short or
long RSI condition such that 29 participants completed the short RSI condition, and 23
completed the long RSI condition®. The stimulus remained on the screen until the participants
gave an answer or until 3500msec had elapsed. All stimuli were presented in lowercase
Courier font, size 18, on a black background and subtended an average visual angle of 0.9°
high % 3.0° wide. The used color-words were: rouge [red], jaune [yellow], bleu [blue], and
vert [green], and the neutral non-color words were: plomb [lead], liste [list], page [page], cave
[basement]. The color and non-color words were matched in length and frequency via Lexique
3.38 (New et al., 2004).

The 2-to-1 paradigm was used in this study, thus the participants responded manually
by pressing the “k” key — which was labeled with the colors red and blue, or the “d” key —
which was labeled with the colors green and yellow on an AZERTY keyboard. Before the
experimental phase, all participants underwent a training session, which consisted of 60
practice trials, composed of colored asterisks. Both color-words and neutral words were
presented in all colors mentioned above. The experimental block consisted of 120 stimuli, and
contained 48 stimuli different-response stimuli, 24 same-response stimuli, 24 neutral stimuli,
and 24 congruent stimuli. This block was repeated 9 times with a self-paced break in-between

blocks. Thus, a total of 1080 stimuli was presented to each participant.

3 The uneven number of participants in each condition is a result of the impossibility of completing the
recruitment, during the COVID-19 sanitary crisis. Note: however, that effect sizes are comparable with those of
Jackson and Balota (2013) that examined the data of 26 participants in the short-RSI condition and of 25
participants in the long-RSI condition.
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3. Results and discussion

The data from all 52 participants were used for statistical analysis. As in Balota et al.
(2013), the first 100 trials were considered as practice, and thus were not taken into account
during the statistical analysis (i.e., 980 trials per participant were analyzed). RTs greater than
3SDs above or below each participant’s mean latency for each condition were excluded from
the analysis (i.e., 1.99% of the total data).

Both RTs and errors were first analyzed in an omnibus 4 (Stimulus-Type: different-
response vs. same-response vs. neutral vs. congruent) x 2 (RSI: short vs. long) was conducted
in both classical and Bayesian ANOVAs, with the RSI being a between-subjects factor. On
RTs, it revealed a main effect of the Stimulus-Type [F(3,150) = 20.57; p<.001, 5,° = 0.291;
BF10= 1.121e+7] and that of RSI [F(1,50) = 8.202; p = .006, 5,°= 0.141; BF 1= 4.015]. As
expected, these main effects were also included in the significant Stimulus-Type x RSI
interaction [F(3,150) = 4.700; p =.004 #,° = 0.086] that was supported further by a moderate
Bayesian evidence for the interaction only*.

This same omnibus ANOVA conducted on error rates revealed a main effect of
Stimulus-Type [F(3,150) = 177.93; p<.001, #,=0.781; BF10=1.121e+7]. It further revealed
that the main effect of RSI remained non-significant [F(1,50) = 1.14; p = .290, ,° = 0.022;
BF10=0.352] and Bayes factor (BFo1 = 2.842) provided at least anecdotal evidence against
this effect. Although Stimulus-Type x RSI interaction was marginally significant [F(3,150) =
2.472; p = .064, ,° = 0.047] with standard frequentist statistics, again, Bayes factors BF o=

0.457/BFo1 = 1.340 provided at least evidence against this interaction.

4 Since the different models that a Bayesian ANOVA compares against a null model never include
interaction alone, the BF values reported for all the interactions correspond to values obtained by dividing the BF
value of the model containing the two main effects and their interaction by the BF value of the model with the
two main effects only.
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Is there a semantic conflict in the 2-to-1 paradigm?

To answer this question — constituting a necessary pre-requisite to examining the type
of conflict that is influenced by RSI-manipulation in the Stroop task —, the significant main
effect of the Stimulus-Type observed in the ANOVA conducted on both RTs and errors was
further decomposed. On errors, this decomposition revealed, that more errors were committed
for different-response (2.36%) as compared to same-response stimuli (1.87%; p =.031, BFio=
18.17°) but the error rate was comparable for different-response (2.36%) and congruent
stimuli (1.93%; p =.399; BF10= 1.200). The neutral stimuli, surprisingly, had the highest
error rate (5.97%), which was statistically higher than that observed for all other stimuli (all p;
<.001, and all BFs > 100).

On RTs, this decomposition revealed that the different-response trials were longer than
those observed to all the other stimuli (all p’s<.001). This means that the participants
displayed a significant overall Stroop effect (significant difference between different-response
and congruent stimuli, p<.001; BF10=94901.71) of a magnitude of 36ms. It was further
composed by a marginally significant (p = .080) facilitation effect (difference between neutral
and congruent stimuli, 9ms). However, Bayes factor had actually provided moderate evidence
in favor of this difference (BF1o= 4.95). Further decompositions revealed a significant
(»p<.001; BF10=94901.71) Stroop interference (difference between different-response and
neutral stimuli, 27ms). While this latter Stroop phenomenon resulted from a significant (p =
.003; BF10=94.39) contribution of response conflict (difference between different-response
and same-response stimuli, 14 ms), that of semantic conflict (difference between same-

response and neutral stimuli, 12ms) failed to reach significance (p = .129; BFio=2.29).

® Reported BFs were computed by conducting Bayesian Paired Samples t-Test, where the alternative
hypothesis specified that measure 1 was greater than measure 2 (i.e., RTs or errors to different-response > RTs or
errors to congruent trials).
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In light of significant Stimulus-Type x RSI interaction, might possibly be due the fact
that short RSI significantly reduced semantic conflict. To address this possibility further this
latter interaction was decomposed by examining the simple main effect of the Stimulus-Type
at level of RSI. It was significant at both long [F(3,48) = 12.50; p<.001, #,°= 0.439; BF o=
14295.04%] and short RSI [F(3,48) = 3.09; p = .036, 1,° = 0.162; BF10= 36.33]. Its further
decomposition revealed that in long RSI condition, RTs to different-response trials were
indeed significantly longer than those observed to and congruent stimuli (p <.001; BFio=
677.65) such that the participants assigned to this condition displayed overall Stroop effect of
51ms (see Table 1 for Means and SDs). Again, while the facilitation effect (12ms) failed to
reach significance in the standard frequentist ANOVA (p =.171), Bayes factor actually
moderates evidence in favor of this effect (BF10= 3.403). The aforementioned overall Stroop
effect also resulted from a significant (p <.001; BF10=41.93) Stroop interference of 39ms.
This latter Stroop phenomenon resulted in turn from a significant (p =.032; BF1o= 8.596)
response conflict of 17 ms and a significant (p =.037; BF10= 3.959) semantic conflict of 22
ms (see Table 1 for Means and SDs).

Therefore, these results replicate those of Burca and colleagues (2022) showing that
when the Stroop task is administered under normal pace (as induced by RSI of 2000ms) both
significant facilitation and interference effect contribute to the overall Stroop effect. Also, and
importantly, exactly like in this study of Burca and colleagues both a semantic and response
conflict contributed to the overall Stroop interference that participants displayed in the present
study. The direct implication of this finding is that there is room for the magnitude of these
different constituents of the Stroop effect in the long RSI to be significantly reduced by short

RSIL

® Because, there is no test for simple main effect in Bayesian ANOVA, corresponding BF values were
obtained by conducting Bayesian Paired-Samples T-Tests at each level of RSI.
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At what level of processing the benefit of a short (as opposed to long) RSI takes its

effect?

To address this question, the benefit of a short (as opposed to long) RSI was first
established by decomposing the simple main effect of RSI at each level of Stimulus-Type. As
can be seen in Table 1, this effect was indeed significant at each level of Stimulus-Type such
that short RSI of 200ms shortened responses to all four types of Stroop words (including
color-neutral and color-congruent ones). Thus, in line with De Jong et al.’s reasoning,
shortening RSI indeed induces faster pace that produces faster responding. This faster
responding was in turn beneficial for participants’ performance in the Stroop as further
indicated by the decomposition of the simple main effect of Stimulus-Type at the level of
short RSI [F(3,48) = 3.09; p =.036, 1,°= 0.162; BF 9= 36.33].

RTs to different-response trials were significantly longer than those observed to and
congruent stimuli (p =.041; BF10= 173.23) such that the participants assigned to this
condition displayed the overall Stroop effect of 21ms (see Table 1 for Means and SDs).
Contrary to Parris (2014), short RSI failed to boost facilitation. Indeed, this effect (6ms) failed
to reach significance (p = 1.000; BF10=0.779) and BFo1 = 1.283 provided at least anecdotal
evidence against the contribution of facilitation to the overall Stroop effect. Although the
contribution of Stroop interference (14ms) failed to reach significance in the standard
frequentist ANOVA (p=.330), it was supported by strong Bayesian evidence (BFi9o=26.23) in
favor of this effect. Although this latter Stroop phenomenon resulted from a significant
contribution of response conflict (12 ms, p =.152; BF10=4.624 at least with Bayesian
approach), that of semantic conflict (3ms) failed to reach significance with both approaches (p
=1.000; BF10=0.292/BF1 = 0.25). These different results suggest in sum that short (as

opposed to long) RSI influences all types of Stroop phenomena.
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To inspect this latter idea directly, a 2 (Type of Stroop phenomenon: Stroop facilitation
vs. interference) x 2 (RSI: long vs. short) was conducted. It revealed a significant main effect
of the Type of Stroop phenomenon [F(1,50) = 23.70; p < .001, 5,°= 0.322; BF1o=1349.90].
Unsurprisingly, the magnitude of facilitation (9ms) was significantly smaller (p <.001; BF10
=949.15) than the one of (overall) Stroop interference (36ms) overall. The main effect of RSI
— suggesting that the reduction of both Stroop phenomena — was again significant [F(1,50) =
6.06; p = .017, 5,° = 0.108], although supported only by anecdotal Bayesian evidence (BF o=
2.183). Stroop phenomenon x RSI interaction was also significant [F(1,50) = 5.06; p = .029,
1> = 0.092] but again it was supported only by anecdotal Bayesian evidence (BF19=2.220) in
favor of this interactive effect. Further decomposition of this interaction by testing the simple
main effect of RSI at each Type of Stroop phenomenon revealed that this simple main effect
was significant for the overall Stroop interference [F(1,50) = 7.75; p = .008, 5,°= 0.134; BF o
=11.927]. Indeed, its magnitude was significantly reduced (by 30ms) in the short- as
compared to long-RSI condition. The simple main effect of RSI remained non- significant for
Stroop facilitation [F(1,50) = .651; p = . 424, 5,°= 0.013; BFio = 0.560] and Bayes factor
provided at least anecdotal evidence against this effect for facilitation (Bor = 1.785).
Therefore, comparable levels of Stroop facilitation in both conditions of RSI suggest that
short RSI fails to influence (i.e., reduce) substantially the task conflict in the Stroop task.

To further inspect the way, the overall Stroop interference is actually reduced (i.e., by
the reduction of semantic vs. response vs. both conflicts), an additional 2 (Conflict-Type:
response vs. semantic conflict) x 2 (RSI: short vs. long) ANOVA was conducted. The main
effect of Conflict-type failed to reach significance [F(1,50) = .068; p =.795, ,° = 0.001; BF o
=0.225] and BFo1 =4.452 actually provided moderate evidence against this effect. In line
with previous analyses, the main effect of RSI was significant [F(1,50) = 5.06; p = .029, 5,° =

0.092]. However, Bayesian evidence remained rather inconclusive (BF o= 0.832/BF¢; =
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1.202). Conflict-Type x RSI interaction also remained non-significant [F(1,50) = 1.01; p =
313, 5,°=0.020; BF10=0.530] and BF¢; = 1.897 provided at least anecdotal evidence against
this interaction. These results suggest in sum that the aforementioned reduction of Stroop
interference in short (as compared to long) RSI is due to the fact that both semantic and

response conflicts are reduced in tandem by this experimental manipulation.

4. General Discussion and Conclusion
The first goal of the present study was to replicate the contribution of semantic conflict
in the two-to-one Stroop paradigm administered with both color-congruent and color-neutral
baselines (Hasshim & Parris, 2014, Exp. 2; Burca et al., 2022). In line with both of these
studies, the overall Stroop (of congruency) effect resulted from the contribution of both
facilitation and interference (see MacLeod, 1991; Parris et al., 2021) — suggesting again that
this overall measure is not suitable for investigating interference (see e.g., Jackson & Balota,
2013) or conflict (e.g., Egner, 2010) only.
However, contrary to Burca and colleagues (2022) and in line with Hasshim and Parris
(2014, see also Hasshim & Parris, 2015), overall, the contribution of semantic conflict
(difference between same-response and neutral stimuli, 12ms) to Stroop interference failed to
reached significance (p=.129) in the present study. But in contrast to Hasshim and Parris
(2014), the associated Bayes factor failed to provide evidence against this contribution.
Indeed, this contribution was actually supported by at least anecdotal Bayesian evidence while
that of response conflict (difference between different-response and same-response stimuli, 14
ms) was supported by strong Bayesian evidence.
However, several studies recently suggested that the increased response speed is likely
to reduce semantic conflict induced by semantic associates (Scaltritti et al., 2022; Sulpizio et

al., 2022) or out-of-the set items (Hasshim et al., 2019). Although the extent to which these
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items actually induce semantic (as opposed to response) conflict remains unclear (see
Introduction), these studies imply that semantic conflict contributes to the overall Stroop
interference only in long RSI condition. It should be remembered at this point that short RSI
of 200 ms clearly speeded up responses in the present study. Both the significant Stimulus-
Type x RSI interaction and the significant simple main effect of the Stimulus-Type at long
RSI were consistent with this latter assumption. Indeed, the results reported above revealed
that the overall Stroop interference is composite in its nature when the Stroop task is
administered under conventional RSI of 2000 ms. In line with this idea, same-response trials
produced significant semantic conflict that was indeed independent of both response conflict
and facilitation — as previously reported by Burca et al. (2022) and originally assumed by De
Houwer (2003). It is also important to note that while same-response trials certainly involve
at least some response facilitation — since their color- and word-dimension converge toward
the same color-response (see Hasshim & Parris, 2014; Parris et al., 2021 for ample discussion
of this issue) — this opposing (i.e., facilitatory) effect can only reduce and not inflate the
magnitude of semantic interference produced by these trials.

Since unitary or single-stage response competition models (e.g., Cohen et al., 1990a;
Glaser & Glaser, 1989; Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990; Roelofs,
2003a) can account for facilitation but not interference produced by same-response trials (see
Introduction above), they are clearly unable to account for the present findings showing that
semantic conflict along with response conflict contributes to overall Stroop interference.
Therefore, the present study provides additional (Burca et al., 2021, 2022) and converging
evidence that can only be accounted for via the multi-stage model of Zhang and colleagues
(H. Zhang et al., 1999; H. Zhang & Kornblum, 1998a). Taken together, currently existing

evidence is likely to suggest that the overall color-word Stroop interference has at least two

"1t should however be noted that the issue of facilitation is eluded in this study.
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distinct loci. Indeed, while the contribution of task conflict to Stroop interference and
facilitation cannot be excluded, future studies need to address its direct contribution to the
overall Stroop effect.

If some of the past studies failed to uncover the aforementioned composite nature of
the Stroop effect in the two-to-one Stroop paradigm (Hasshim & Parris, 2014, 2015) under
virtually the same conditions as in the present study and that of Burca et al. (2022), it is
potentially because the contribution of semantic conflict is subject to some boundary
conditions. Indeed, the additional and perhaps the most important finding of the present study
is that response speed might constitute such a condition — as semantic conflict was statistically
eliminated under a short RSI. Therefore, the present study replicates and extends the findings
of past studies (see respectively Hasshim et al., 2019; Scaltritti et al., 2022; Sulpizio et al.,
2022) in the two-to-one Stroop paradigm providing an unambiguous measure of semantic
conflict.

The most important implication of this latter result is that it allows to reconcile
contrasting findings of Hasshim and Parris (2014, 2015) and those that of Burca et al. (2022).
Indeed, in Experiment 2a of Hasshim and Parris (2014), response times were indeed
significantly shorter than even in younger participants of Burca et al. (2022, see
Supplementary online materials of this study for non z-scored RTs) — although it is still
unclear why participants responded faster in Hasshim and Parris (2014). Therefore, future
studies need to address the role of further response speed further since the present findings
suggest that any factor that influences response speed should modify the nature of the Stroop
effect and that this modification should primarily concern the contribution of semantic
conflict to the overall Stroop interference.

The second goal of the present study was to examine closer the benefit of a short (as

opposed to long) RSI. In agreement with past studies on the influence of RSI in the color-
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word Stroop task, and as expected, RSI of 200 ms (compared to RSI of 2000 ms) induced
faster responses in the present study. It also significantly reduced the magnitude of the overall
Stroop effect as compared to long RSI (Augustinova et al., 2018; Jackson & Balota, 2013;
Parris, 2014; but see also Sharma et al., 2010 for the absence of this benefit and Galer et al.,
2014 for the inverse benefit of (very) long RSI). Therefore, the present study extended the
benefit of short RSI to the two-to-one Stroop paradigm (De Houwer, 2003).

However, while in line with De Jong et al.’s original reasoning, many subsequent
studies agree on the fact that the benefit of a short RSI results from heightened attentional
selectivity, they still seem to disagree on the level of processing at which this benefit is
actually achieved (see Augustinova et al., 2018 for this type of argument). Therefore, the
present study was specifically aimed at examining the level of processing at which the benefit
of a short (as opposed to long) RSI takes its effect.

It should be remembered that De Jong and colleagues (1999) originally concluded that
individuals are always able to inhibit the influence of a word meaning but that this ability is
efficiently deployed only when their attention is fully focused on the color dimension — as it is
with short RSI. We reasoned above (see Introduction) that if this conclusion is correct, then
both semantic and response conflicts in tandem or semantic conflict alone should be reduced
in short RSI condition. In line with the former prediction, the significant reduction of Stroop
interference — observed in the present study — was likely to result from the fact that both
conflicts were reduced. Therefore, the results reported in the present study are likely to mirror
those of Burca and colleagues (2021). Indeed, their results suggest that when only a single
letter (as opposed to all letters) of a target display is colored in an incongruent color from the
response set and spatially pre-cued (hereafter SLCC vs. ALCC [all-letters colored and cued]),
Stroop interference observed in the two-to-one Stroop paradigm is substantially reduced.

Also, and importantly, exactly like in this present study, this reduction is due to the joint
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reduction of both semantic and response conflicts. The benefit of SLCC is attributed to the
fact that (unlike ALCC)), it is likely to keep two informational sources (i.e., color and word)
separate (i.e., odd-one-out effect of SLCC, Besner et al., 1997). Similarly, by enhancing the
pace at which the Stroop task is completed, a short (as opposed to long) RSI increases
attentional selectivity. Said differently, the present study shows that a short RSI of 200 ms
(exactly like SLCC) constitutes another powerful attention-driving moderator that influences
people’s performance in the two-to-one Stroop paradigm. This finding also implies that the
performance of older adults might also benefit from this intervention — the idea that future
studies need to address it directly.

The fact that in present study, a short RSI of 200 ms reduced both semantic and
response conflicts in tandem runs clearly against Augustinova et al. (2018)’ claim that RSI
leaves semantic conflict unaffected. Although the differences in the induction of semantic
conflict might explain — at least in part — these contrasting findings, the most plausible
explanation is that the magnitude of semantic conflict induced via semantic associates is too
small to be affected by RSI (or another moderator). Additionally, unlike in Parris (2014a),
shortening the RSI failed to boost the magnitude of Stroop facilitation in the present study
(and that in concert with reduced interference). Also, and importantly, the magnitudes of
facilitation remained comparable in both conditions of RSI. Therefore, the present findings
are rather incompatible with the idea that RSI reduces task conflict (as opposed to other types
of conflict).

Although this latter conclusions contradict previous stands of our group on the effect
of RSI (Augustinova al., 2018; Augustinova & Ferrand, 2014; Parris, 2014), the present study
provides clear evidence that the Stroop effect and Stroop interference, it entails, decrease as
responses are faster and that the short RSI leads to faster responses. Thus, the present data

concur with the account initially proftered by De Jong et al. (1999) that a fast-paced block
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(induced by short RSI of 200 ms) optimizes participant’s focus on the relevant color-
dimension. However, it also remains possible that the changes in goal maintenance —
anticipated by De Jong et al. (1999)’s account are not necessary and any factor that — exactly
like RSI — changes response speed modifies the nature of the Stroop effect. To illustrate,
Stroop studies — including the present one — do not usually control for associative-priming
confounds (e.g., Henson et al., 2014; Hommel, 2004; Schmidt & Weissman, 2016) that can
substantially impact response speed and therefore — as shown in the present study — impact the
type of conflict that is subsequently experienced on a given trial (response conflict alone or
response conflict followed by semantic one). In sum, any factor that modifies response speed
should modify how much semantic conflict is observed. This would show that the composite
nature of Stroop interference (semantic vs. response conflict) and more generally of both
Stroop facilitation and interference — originally anticipated by the single multi-stage model of
Zhang and colleagues (H. Zhang et al., 1999; H. Zhang & Kornblum, 1998a) — is likely a
function of (slow) response speed, and thus of poorer performance. In sum, more empirical

studies are needed to address this important issue directly.

5. References

Augustinova, M., & Ferrand, L. (2014). Automaticity of Word Reading. Current Directions in Psychological
Science, 23(5), 343-348. https://doi.org/10.1177/0963721414540169

Augustinova, M., Silvert, L., Spatola, N., & Ferrand, L. (2018). Further investigation of distinct components of
Stroop interference and of their reduction by short response-stimulus intervals. Acta Psychologica, 189,
54-62. https://doi.org/10.1016/J. ACTPSY.2017.03.009

Bench, C. J., Frith, C. D., Grasby, P. M., Friston, K. J., Paulesu, E., Frackowiak, R. S. J., & Dolan, R. J. (1993).
Investigations of the functional anatomy of attention using the stroop test. Neuropsychologia, 31(9),
907-922. https://doi.org/10.1016/0028-3932(93)90147-R

Brown, T. L. (2011). The relationship between stroop interference and facilitation effects: Statistical artifacts,

baselines, and a reassessment. Journal of Experimental Psychology: Human Perception and

104



Performance, 37(1), 85-99. https://doi.org/10.1037/a0019252

Burca, M., Beaucousin, V., Chausse, P., Ferrand, L., Parris, B. A., & Augustinova, M. (2021). Is There Semantic
Conflict in the Stroop Task? Experimental Psychology, 68(5), 274-283. https://doi.org/10.1027/1618-
3169/a000530

Burca, M., Chausse, P., Ferrand, L., Parris, B. A., & Augustinova, M. (2022). Some further clarifications on age-
related differences in the Stroop task: New evidence from the two-to-one Stroop paradigm.
Psychonomic Bulletin & Review, 29, 492-500. https://doi.org/10.3758/s13423-021-02011-x

Chen, A., Bailey, K., Tiernan, B. N., & West, R. (2011). Neural correlates of stimulus and response interference
in a 2—1 mapping stroop task. International Journal of Psychophysiology, 80(2), 129—138.
https://doi.org/10.1016/j.ijpsycho.2011.02.012

Chen, A., Tang, D., & Chen, X. (2013). Training Reveals the Sources of Stroop and Flanker Interference Effects.
PLoS ONE, 8(10), €76580. https://doi.org/10.1371/journal.pone.0076580

Chen, Z., Lei, X., Ding, C., Li, H., & Chen, A. (2013). The neural mechanisms of semantic and response
conflicts: An fMRI study of practice-related effects in the Stroop task. Neurolmage, 66, 577-584.
https://doi.org/10.1016/j.neuroimage.2012.10.028

Cohen, J. D., Dunbar, K., & McClelland, J. L. (1990). On the control of automatic processes: A parallel
distributed processing account of the Stroop effect. Psychological Review, 97(3), 332-361.
https://doi.org/10.1037/0033-295X.97.3.332

De Houwer, J. (2003). On the role of stimulus-response and stimulus-stimulus compatibility in the Stroop effect.
Memory & Cognition, 31(3), 353—-359. https://doi.org/10.3758/BF03194393

De Jong, R., Berendsen, E., & Cools, R. (1999). Goal neglect and inhibitory limitations: Dissociable causes of
interference effects in conflict situations. Acta Psychologica, 101(2-3), 379-394.
https://doi.org/10.1016/S0001-6918(99)00012-8

Galer, S., Schmitz, R., Leproult, R., De Tiége, X., Van Bogaert, P., & Peigneux, P. (2014). Response-stimulus
interval duration modulates interference effects in the Stroop task. Psychologica Belgica, 54(1), 97—
110. https://doi.org/10.5334/pb.ad

Glaser, W. R., & Glaser, M. O. (1989). Context effects in Stroop-like word and picture processing. Journal of
Experimental Psychology: General, 118(1), 13—42.

Goldfarb, L., & Henik, A. (2007). Evidence for task conflict in the Stroop effect. Journal of Experimental

Psychology: Human Perception and Performance, 33(5), 1170-1176. https://doi.org/10.1037/0096-

105



1523.33.5.1170

Hasshim, N., Downes, M., Bate, S., & Parris, B. A. (2019). Response Time Distribution Analysis of Semantic
and Response Interference in a Manual Response Stroop Task. Experimental Psychology, 66(3), 231—
238. https://doi.org/10.1027/1618-3169/a000445

Hasshim, N., & Parris, B. A. (2014). Two-to-one color-response mapping and the presence of semantic conflict
in the Stroop task. Frontiers in Psychology, 5, 1157. https://doi.org/10.3389/fpsyg.2014.01157

Hasshim, N., & Parris, B. A. (2015). Assessing stimulus—stimulus (semantic) conflict in the Stroop task using
saccadic two-to-one color response mapping and preresponse pupillary measures. Attention, Perception,
& Psychophysics, 77(8),2601-2610. https://doi.org/10.3758/s13414-015-0971-9

Henson, R. N., Eckstein, D., Waszak, F., Frings, C., & Horner, A. J. (2014). Stimulus—response bindings in
priming. Trends in Cognitive Sciences, 18(7), 376-384. https://doi.org/10.1016/].tics.2014.03.004

Hershman, R., & Henik, A. (2019). Dissociation between reaction time and pupil dilation in the Stroop task.
Journal of Experimental Psychology. Learning, Memory, and Cognition, 45(10), 1899-1909.
https://doi.org/10.1037/xlm0000690

Hershman, R., & Henik, A. (2020). Pupillometric contributions to deciphering Stroop conflicts. Memory &
Cognition, 48(2), 325-333. https://doi.org/10.3758/s13421-019-00971-z

Hommel, B. (2004). Coloring an action: Intending to produce color events eliminates the Stroop effect.
Psychological Research, 68(2-3), 74-90. https://doi.org/10.1007/s00426-003-0146-5

Jackson, J. D., & Balota, D. A. (2013). Age-Related Changes in Attentional Selection: Quality of Task Set or
Degradation of Task Set Across Time? Psychology and Aging, 28(3), 744.
https://doi.org/10.1037/A0033159

Jiang, J., Zhang, Q., & Van Gaal, S. (2015). EEG neural oscillatory dynamics reveal semantic and response
conflict at difference levels of conflict awareness. Scientific Reports, 5(1), 12008.
https://doi.org/10.1038/srep12008

Kalanthroff, E., Davelaar, E. J., Henik, A., Goldfarb, L., & Usher, M. (2018). Task conflict and proactive control:
A computational theory of the Stroop task. Psychological Review, 125(1), 59-82.
https://doi.org/10.1037/rev0000083

Logan, G. D. (1980). Attention and automaticity in Stroop and priming tasks: Theory and data. Cognitive
Psychology, 12(4), 523-553. https://doi.org/10.1016/0010-0285(80)90019-5

MacLeod, C. M. (1991). Half a century of research on the Stroop effect: An integrative review. Psychological

106



Bulletin, 109(2), 163—203. https://doi.org/10.1037/0033-2909.109.2.163

Melara, R. D., & Algom, D. (2003). Driven by information: A tectonic theory of Stroop effects. Psychological
Review, 110(3), 422—471. https://doi.org/10.1037/0033-295X.110.3.422

New, B., Pallier, C., Brysbaert, M., & Ferrand, L. (2004). Lexique 2: A new French lexical database. Behavior
Research Methods, Instruments, & Computers, 36(3), 516-524. https://doi.org/10.3758/BF03195598

Parris, B. A. (2014). Task conflict in the Stroop task: When Stroop interference decreases as Stroop facilitation
increases in a low task conflict context. Frontiers in Psychology, 5, 1182.
https://doi.org/10.3389/fpsyg.2014.01182

Parris, B. A., Hasshim, N., Wadsley, M., Augustinova, M., & Ferrand, L. (2021). The loci of Stroop effects: A
critical review of methods and evidence for levels of processing contributing to color-word Stroop
effects and the implications for the loci of attentional selection. Psychological Research, 0123456789.
https://doi.org/10.1007/s00426-021-01554-x

Phaf, R. H., Van der Heijden, A. H. C., & Hudson, P. T. W. (1990). SLAM: A connectionist model for attention in
visual selection tasks. Cognitive Psychology, 22(3), 273-341. https://doi.org/10.1016/0010-
0285(90)90006-P

Roelofs, A. (2003). Goal-Referenced Selection of Verbal Action: Modeling Attentional Control in the Stroop
Task. Psychological Review, 110(1), 88—125. https://doi.org/10.1037/0033-295X.110.1.88

Saban, I., & Schmidt, J. R. (2021). Stimulus and response conflict from a second language: Stroop interference
in weakly-bilingual and recently-trained languages. Acta Psychologica, 218, 103360.
https://doi.org/10.1016/j.actpsy.2021.103360

Scaltritti, M., Job, R., & Sulpizio, S. (2022). Different types of semantic interference, same lapses of attention:
Evidence from Stroop tasks. Memory & Cognition 2021, 1-13. https://doi.org/10.3758/S13421-021-
01256-0

Schmidt, J. R., & Cheesman, J. (2005). Dissociating stimulus-stimulus and response-response effects in the
stroop task. Canadian Journal of Experimental Psychology, 59(2), 132—138.
https://doi.org/10.1037/H0087468

Schmidt, J. R., Hartsuiker, R. J., & De Houwer, J. (2018). Interference in Dutch—French Bilinguals.
Experimental Psychology, 65(1), 13-22. https://doi.org/10.1027/1618-3169/a000384

Schmidt, J. R., & Weissman, D. H. (2016). Congruency sequence effects and previous response times: Conflict

adaptation or temporal learning? Psychological Research, 80(4), 590-607.

107



https://doi.org/10.1007/s00426-015-0681-x

Schneider W., Eschman A., Zuccolotto A. (2002). E-Prime user’s guide. Pittsburgh, USA: Psychology Software
Tools Inc.

Sharma, D., Booth, R., Brown, R., & Huguet, P. (2010). Exploring the temporal dynamics of social facilitation in
the Stroop task. Psychonomic Bulletin & Review, 17(1), 52-58. https://doi.org/10.3758/PBR.17.1.52

Shichel, 1., & Tzelgov, J. (2018). Modulation of conflicts in the Stroop effect. Acta Psychologica, 189, 93—102.
https://doi.org/10.1016/j.actpsy.2017.10.007

Sulpizio, S., Job, R., Leoni, P., & Scaltritti, M. (2022). Prepotent task-irrelevant semantic information is
dampened by domain-specific control mechanisms during visual word recognition. Quarterly Journal
of Experimental Psychology, 75(3), 390—-405. https://doi.org/10.1177/17470218211030863

Van Veen, V., & Carter, C. S. (2005). Separating semantic conflict and response conflict in the Stroop task: A
functional MRI study. Neurolmage, 27(3), 497-504.
https://doi.org/10.1016/J.NEUROIMAGE.2005.04.042

Zhang, H., & Kornblum, S. (1998). The Effects of Stimulus-Response Mapping and Irrelevant Stimulus-
Response and Stimulus-Stimulus Overlap in Four-Choice Stroop Tasks with Single-Carrier Stimuli.
Journal of Experimental Psychology: Human Perception and Performance, 24(1), 3—19.
https://doi.org/10.1037/0096-1523.24.1.3

Zhang, H., Zhang, J., & Kornblum, S. (1999). A Parallel Distributed Processing Model of Stimulus—Stimulus
and Stimulus—Response Compatibility. Cognitive Psychology, 38(3), 386—432.

https://doi.org/10.1006/COGP.1998.0703

108



CHAPTER FOUR: HOW TO EFFECTIVELY IMPROVE OLDER ADULTS’ PERFORMANCE IN THE

STROOP TASK?

1. Introduction

Selective attention is often defined as the ability to focus on one thing while ignoring
other things (see e.g., Maquestiaux, 2017; Ruthruff & Lien, 2016). This ability to selectively
attend to and process only certain things in the environment while ignoring or actively
inhibiting others is indeed crucial in many cognitive activities (e.g., Jackson & Balota, 2013).
That is perhaps why the famous Stroop task (Stroop, 1935) has achieved such widespread use
in clinical, experimental, and neuropsychological research and practice. It addresses this
ability by requiring individuals to identify, as quickly and accurately as possible, the font
color of written characters (i.e., to attend to and process a relevant color dimension) without
reading them (i.e., to simultaneously ignore or inhibit an irrelevant word dimension). The
typical result is that a participant's color identification times are longer for color-incongruent
Stroop words (i.e., words that are displayed in a color that is different from the one they
designate such as “BLUE” displayed in green; hereafter BLUFEgcen), than for color-neutral
words (e.g., the word “DEAL” displayed in green, hereafter DEALgreen).

The magnitude of this latter difference — referred to as Stroop interference — is usually
thought to reflect selective attention abilities. Since these abilities are thought to decline with
healthy aging (see Comalli et al., 1962, for the first empirical demonstration), numerous other
studies have reported higher levels of Stroop interference in healthy older than in young
adults (e.g., Andrés et al., 2008; Aschenbrenner, & Balota, 2015; Belleville, et al., 2006;
Davidson et al., 2003; Dulaney & Rogers, 1994; Mayas et al., 2012, Wolf et al., 2014). Also

and importantly, these difference persist even after controlling for the speed of processing
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(e.g. Aschenbrenner et al., 2017; Aschenbrenner & Balota, 2015; Bugg et al., 2007; Burca et
al., 2021; Jackson & Balota, 2013, 2013; Li & Bosman, 1996; Nicosia & Balota, 2020;
Spieler et al., 1996). Given that selective attention is of prime importance in accomplishing
daily-life activities that contribute to maintain the independence of the older adults (e.g.,
driving, e.g., Pollatsek et al., 2012), the present study was aimed at assessing whether and the
extent to which the substantial magnitude of Stroop interference that the older adults usually

display can be reduced through attention driving interventions.

2. Experiment 1: The influence of variations in response-stimulus intervals on the
elderly’s performance in the Stroop task
To this end, the present experiment examined the extent to which older participants (i.e.,
older than 60 years) are sensitive to a procedure designed to promote attentional focus on the
relevant task set (i.e., color dimension of Stroop words). This idea derives directly from the
past work of Jackson and Balota (2013), itself a continuation of that of De Jong and
colleagues (1999).

De Jong and colleagues initially reasoned that instead of reflecting limitations in
(young) people’s inhibitory abilities, high levels of interference might instead reflect their
limitations in deploying these inhibitory abilities consistently across time. They additionally
reasoned that this deployment is more likely to be efficient when fast responding is
encouraged, as it is the case when the time that elapses between the individual’s response and
the presentation of a new stimulus on a computer screen (i.e., response stimulus interval,
hereafter RSI) is shortened. In line with this reasoning that people’s attention is more
consistently focused on the relevant dimension of the Stroop task when the conventional
response-stimulus interval (hereafter RSI) of 2000 ms is shorten to 200 ms, Stroop(-like)

interference they showed in this latter condition is clearly reduced, compared to the former.
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Jackson and Balota (2013) replicated this benefit of short RSI in younger participants
and extended it to older ones (Mage =77 years). More specifically, in their Experiment 2, the
Stroop effect (i.e., the difference between standard color-incongruent and color-congruent
trials) was reduced at the short RSI as compared to the long RSI, but there was no evidence of
an interaction between RSI and age group. Indeed, at both RSIs, the level of the Stroop effect
was greater in the older (compared to the younger) participants. Jackson and Balota
subsequently concluded that there is an age-related breakdown in the quality of attentional
selection processes, namely the inhibitory abilities, but that both age groups are similar in
their (in)ability to maintain an appropriate task set across time. Indeed, if older participants
had found it more difficult to maintain a focus on the relevant color dimension across time,
they would have produced greater Stroop effect than the younger participants at the long RSI
compared to the short RSI (i.e., leading to an interaction between age and RSI). To
summarize, the absence of this interaction led Jackson and Balota (2013) to refine the
standard interpretation of age-related differences in Stroop interference in terms of attentional
selectivity. Indeed, the data from their study suggest that healthy aging lowers the ability to
ignore or inhibit an irrelevant word dimension of Stroop words rather than the ability to
attend to and process the relevant color dimension of these words (see also e.g., Bugg et al.,
2007; Wolf et al., 2014).

The present experiment was designed to address this conclusion in more details. First
of all, Jackson and Balota (2013) reasoned about Stroop interference from the overall Stroop
effect (i.e., a sum of facilitation and interference — each in unknown amounts, see MacLeod,
1991; Parris et al., 2021 for discussion). Therefore, the present experiment used a design
allowing to partial out the contribution of each of the two aforementioned Stroop phenomena
and thus the examine the extent to which interference (as opposed to facilitation) is indeed

reduced by short RSI — as originally argued by Jackson and Balota (2013).
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Second, if in line with their interpretation of age-related differences in Stroop
interference, it is indeed the ability to ignore or inhibit an irrelevant word dimension of Stroop
words that is lowered in older adults, than the magnitude of semantic conflict they display
should be higher in the condition of long RSI (2000 ms) as compared to short RSI of 200 ms.
This would than extend findings of Burca and colleagues’ work (2022) showing that older
individuals display significantly higher magnitude of semantic as compared to response
conflict — running against the idea that the ability to inhibit of prepotent responses (or
response inhibition, Miyake et al., 2000) is reduced in older adults.

In sum, the present experiment was designed to examine the type of conflict that short
RSI of 200 ms optimizes in older adults — the issue that despite its theoretical and clinical
importance remains so-far unanswered. In line with past studies, examining this issue actually
requires that — exactly like in Burca et al. (2022), semantic conflict unambiguously
contributes to Stroop interference displayed in older participants. Therefore, the present study

was also designed to replicate this finding.

2.1 Method

Participants and Inclusion process and criteria

Sixty community dwelling healthy older adults (35 females and 25 males, Mage =
69.96, SDage = 5.11) participated in this experiment. All participants were native French-
speakers, and reported normal or corrected-to-normal vision, without impairment in color
discrimination (see Table 1S in Supplementary Materials for further demographic and
psychometric information). To ensure they fit the inclusion criteria (see Supplementary
Materials for more information) the participants first signed an informed consent, and
completed a demographic interview. In addition to collect demographic information, the

interview ensured that the participants were not undergoing any medical treatment that is
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known to impact the nervous system and therefore cognitive abilities, that they did not have
had a head injury, and that they were not diagnosed with a psychiatric and/or neurological
disorder.

Moreover, the participants completed a psychometric evaluation battery, the goal
being to ensure that the older adults presented indeed with a healthy aging. To this, the
participants first underwent the Montreal Cognitive Assessment (MoCA; Nasreddine et al.,
2005), where a cutoff score higher than 26 is considered in the norm. Then a
depression/anxiety questionnaire was administered, the Hospital Anxiety and Depression
Scale-HAD (Zigmond, 1983), where a score higher than 7 was considered borderline
abnormal. Various cognitive abilities were than assessed: working memory (via administering
the forward and backward digit span of WAIS, Wechsler, 2008); processing speed (via french
equivalent, of the letter-comparison test of Salthouse, 1990; see Bugaiska et al., 2007); and
finally, the vocabulary/crystallized abilities were assessed (via use of Mill-Hill, Raven, 1958;
for scores and means of this demographic information see Table 1S). All the participants fit
the inclusion criteria, and none presented abnormal/pathological scores at the psychometric

evaluation.

Procedure, apparatus, stimuli and design.

All participants received a 20€ voucher in exchange for their participation. Following
the psychometric evaluation depicted above, the participants completed a computerized
version of the Stroop Task presented via Eprime 2.0 software (Schneider et al., 2002). To this
end, the participants were seated at a distance of 70cm in front of the 13 portable computer,
and instructed to identify the color of the stimulus presented on the screen, as quickly and
accurately as possible by pressing the appropriate color-button, while ignoring everything else

on the display. They were specifically instructed to concentrate on the fixation cross (‘“+”) that
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appeared in the center of the screen at the beginning of each trial, with a duration of 200msec
in the short RSI condition vs. a duration of 2000msec in the long RSI condition. The
participants were assigned randomly to the short or long RSI condition. The stimulus
remained on the screen until the participants gave an answer or until 3500msec had elapsed.
All stimuli were presented in lowercase Courier font, size 18, on a black background and
subtended an average visual angle of 0.9° high x 3.0° wide. The used color-words were: rouge
[red], jaune [yellow], bleu [blue], and vert [green], and the neutral non-color words were:
plomb [lead], liste [list], page [page], cave [basement]. The color and non-color words were
matched in length and frequency via Lexique 3.38 (New et al., 2004).

The 2-to-1 paradigm was used in this study, thus the participants responded manually
by pressing the “k” key — which was labeled with the colors red and blue, or the “d” key —
which was labeled with the colors green and yellow on an AZERTY keyboard. Before the
experimental phase, all participants underwent a training session, which consisted of 60
practice trials, composed of colored asterisks. Both color-words and neutral words were
presented in all colors presented above. The experimental block consisted of 120 stimuli, and
contained 48 stimuli different-response stimuli, 24 same-response stimuli, 24 neutral stimuli,
and 24 congruent stimuli. This block was repeated 9 times with a self-paced break between
blocks. Thus, a total of 1080 stimuli were presented to each participant. As a result, present
study was function of a 4 (Stimulus-Type: different-response vs. same-response vs. neutral vs.

congruent) x 2 (RSI: short vs. long) design with the RSI as a between subject factor.

2.2 Results and Discussion
Five older adults were excluded from the analysis: four due to a high number of errors
(>25%) and one due to a malfunction of the data recording. Thus, the data of fifty-five older

adults (34 females and 21 males, Mage = 69.67, SDage = 5.18) was used for the statistical
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analysis: 25 older adults assigned to short RSI condition and 30 older adults assigned to long
RSI condition. As in Balota et al. (2013), the first 100 trials were considered as practice, and
thus were not taken into account during the statistical analysis (i.e., 1080 trials in total were
presented, and 980 trials per participant were analyzed). RTs greater than 3SDs above or
below each participant’s mean latency for each condition were excluded from the analysis
(i.e., 1.85% of the total data).

Both RTs and errors were first analyzed in an omnibus 4 (Stimulus-Type: different-
response vs. same-response vs. neutral vs. congruent) x 2 (RSI: short vs. long) was conducted
in both classical and Bayesian ANOVAs, with the RSI being a between-subjects factor. On
RTs, this analysis revealed a significant main effect of Stimulus-Type [F(3,159) =53.51; p <
.001, #,°=0.502; BF10= 1.706e+21]. The main effect of the RSI condition was not significant
[F(1,53)=.062; p = .804, ,°=0.001; BF19= 0.568] and BFo; = 1.761 actually provided at
least anecdotal evidence again the of effect of RSI. Stimulus-Type % RSI interaction was not
significant either [F(1,53) =.062; p = .804, 5,°=0.001; BF19= 0.050] and BFo; = 19.744
provided with strong Bayesian evidence against this interaction (see Table 2S in
Supplementary materials for a full descriptive statistics).

The same pattern of results was observed on the error rates. The main effect of
Stimulus-Type was significant [F(3,159) = 35.02; p < .001, 5,°= 0.398; BF 9= 1.898e+14].
The main effect of RSI was only marginally [F(1,53) = 3.09; p = .085, 5,°= 0.055; BFio=
0.846] but BFo1 = 1.182, actually showed at least anecdotal evidence against this effect in
errors. The Stimulus-Type x RSI interaction did not reach significance either [F(3,159) =

2.20; p = .090, 1,° = 0.040; BF19=0.947] with again BFo; = 1.815 providing anecdotal

1The uneven number of participants is due to the impossibility of completing the inclusion of
participants, due to COVID-19 sanitary crisis. Note however, that the number of participants was comparable to
that of Jackson and Balota (2013) that tested 27 older adults at each level of RSI.
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evidence against this interaction by Bayesian evidence (for a full description of the analysis

on error rates see Table 2S in Supplementary Materials).

Is there semantic conflict in the Stroop task?

To answer this question — constituting a necessary pre-requisite to examining the type
of conflict that is influenced by RSI-manipulation in the Stroop task —, the significant main
effect of the Stimulus-Type observed in the ANOVA conducted on both RTs and errors was
further decomposed. On errors, it revealed that more errors were committed for different-
response stimuli (4.46%) as compared to same-response (1.95%; p = .002; BF10=92.77) and
congruent (2.15%) stimuli (p<.05; BF10=38.39). The neutral stimuli, surprisingly, had the
highest error rate (6.14%), however as compared to different-response stimuli, this difference
was not statistically significant (p = .061; BFio = 9.42), however this effect was supported by
moderate Bayesian evidence. However, the error rate committed for neutral trials was higher
as compared to same-response and congruent trials (both p’s <.001; both BFs > 100,
providing extreme evidence in favor of this effect).

On RTs, this decomposition revealed that of the different-response trials were longer
than those observed to all the other stimuli (all p’s<.001; BFs >100, see Table 3S for
complete descriptive statistics). This means that the participants (i.e., older adults) displayed a
significant overall Stroop effect (significant difference between different-response and
congruent stimuli) of an important magnitude of 112ms (p<.001; BF;o = 1.147e+10). It was
further composed by a significant facilitation effect (difference between neutral and congruent
stimuli) 24ms (p<.001; BF10 = 327.00) and a significant Stroop interference (difference
between different-response and neutral stimuli) 88ms (p<.001; BF1o = 4.278e+6). This latter
Stroop phenomenon was in turn composed by both a significant response conflict (difference

between different-response and same-response stimuli) with a magnitude of 39ms (p<.001;
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BF10=1.1915.70), and a semantic conflict (difference between same-response and neutral
stimuli) with a magnitude of 50ms (p<.001; BF10 = 123497.08). These results therefore
replicate those of Burca and colleagues (2022, see Chapter 2) showing that both significant
facilitation and interference effect contribute to the overall Stroop effect observed in older
adults. Also, and importantly, exactly like in this study both a semantic and response conflict
contributed to the overall Stroop interference these participants displayed. Finally, as in these
past studies and contrary to those conducted with the Semantic Stroop paradigm (Augustinova
et al., 2018a), older participants displayed substantially greater magnitude of semantic as
compared to response conflict. The direct implication of this finding is that there is therefore a

room for this magnitude to be reduced.

Does RSI manipulation improve older adults’ performance in the Stroop task?

As mentioned above, neither the main effect of RSI, nor the Stimulus-Type x RSI
interaction found by Balota et al. (2013) was replicated in the present experiment. In order to
explore this lack of effect of the RSI, additional analyses were conducted. First, Bayesian
sequential analysis were conducted for all stimuli types, with RSI as grouping variable (see
Figure 1S for these graphs in Supplementary Materials). This analysis revealed that the RSI
did not seem to gain in power if more participants would be added. If anything, this analysis
suggests that the RSI is most likely to have an effect when the sample consists of 20-30
participants. Therefore, the uneven number of participants in the short vs. long RSI condition
might have potentially influenced this lack of effect with this sample size.

Second, to address the possibility that only the slow (vs. fast) participants and or slow
(vs. fast) trials benefited from short RSI, the extent to which 4 (Stimulus-Type: different-
response vs. same-response vs. neutral vs. congruent) x 2 (RSI: slow vs. fast) was moderated

respectively by participants’ overall (fast vs. slow participants) and relative speed (fast vs.
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slow trials). Results of these analyses (see Supplementary Materials) suggest that regardless
of both, the variations in RSI failed to affect participants’ response. Said differently, neither
the fast nor the slow participants or fast or slow trials benefited from short RSI.

In light of this lack RSI effect, the present experiment failed to provide any support for
the idea that shortening habitual RSI from 2000 ms to 200 ms improves participants’
performance in the Stroop task. While this seems to be at odd with Jackson and Balota (2013)
observing this effect in older adults and with other studies (Augustinova et al., 2018a; Jackson
& Balota, 2013b; Parris, 2014, see also Chapter 3) observing this effect in younger adults, it
should be noted that other studies failed to observed this benefit (e.g., Martinon et al.,
submitted; Sharma et al., 2010 for the absence of this benefit and Galer et al., 2014 for the
inverse benefit of (very) long RSI). It however does not mean that selective attention in older
adults cannot be improved. Therefore, the next experiment addressed this issue with Single

Letter Coloring and Cueing (SLCC).

3.1 Experiment 2: The influence of Single letter coloring and cueing

Indeed, since Kahneman and Henik’s (1981) pioneering work, the presentation of
Stroop stimuli in which only a single letter (as opposed to all letters) of a target display is
colored in an incongruent color from the response set and spatially pre-cued (hereafter SLCC
vs. ALCC [all-letters colored and cued] is known to promote attentional focus on the relevant
color dimension of Stroop words. This is because SLCC (unlike ALCC) is likely to keep two
informational sources (i.e., color and word) separate (i.e., odd-one-out effect of SLCC, Besner
et al., 1997). Consistent with reasoning is the fact that ERPs are sensitive to SLCC procedure
early in processing of Stroop words (i.e., before being actually sensitive to their color-
incongruency) such that SLCC elicits significantly greater negativity (from 185 to 245 ms) at

occipito-parietal sites compared to ALCC (see Augustinova et al., 2018a for discussion of this
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unpublished data). Consequently, an information provided by the irrelevant word-dimension
of compound Stroop items (e.g., “blue” for BLUEjyeiow) is thought to interfere less with that
induced by the relevant color-dimension (e.g., “yellow” for BLUEyeiiow) in SLCC than in
ALCC (but see e.g., Kiiper & Heil, 2012 for a review another process potentially driving this
effect).

Results of a substantial number of past studies are consistent with these ideas. Indeed,
they have reported SLCC to substantially reduce or even eliminate Stroop interference (e.g.,
Augustinova & Ferrand, 2007; Augustinova et al., 2010; Augustinova et al., 2015;
Augustinova, Clarys, Spatola, & Ferrand, 2018; Besner & Stolz, 1999ab; Brown, Joneleit,
Robinson, & Brown, 2002; Catena, Fuentes, & Tudela, 2002; Kiiper & Heil, 2012; Manwell,
Roberts, & Besner, 2004; Manwell et al., 2004; Mari-Beffa et al., 2000 Marmurek, 2003;
Monahan, 2001; Parris, Sharma, & Weekes, 2007). Therefore, unsurprisingly, Augustinova
and colleagues (2018b) set out to examine the extent to which it SLCC (as compared to
ALCC) reduces Stroop inference in older as compared to younger adults with a specific goal
to address the type of conflict that SLCC actually reduces.

Their results replicated those reported in studies mentioned above. Indeed, SLCC (as
opposed to ALCC) significantly reduced standard Stroop interference. But it failed to
influence significantly semantic-associative interference. Therefore, in line with their past
studies (Augustinova & Ferrand, 2007; Augustinova et al., 2010; Augustinova et al., 2015);
Augustinova and colleagues (2018b) have attributed this reduction to response (as opposed to
semantic conflict).

Additionally, Age-group also interacted in this latter study with the Type of
interference such that older adults displayed significant higher levels standard Stroop
interference (as compared to their younger counterparts) but both age-groups showed

comparable level of semantic-associative interference and no 3-way interaction was observed
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between Interference-Type (standard vs. semantic) x Age-group (younger vs. older
participants) and Coloring-Type: SLCC vs. ALCC). Augustinova and colleagues had
consequently argued that both younger and older adults are equally (in)-efficient in
suppressing the irrelevant word dimension of Stroop words (e.g., reading the word). Given
that controlled processes are likely to decline with healthy ageing whereas those that are
automatic are likely to be preserved (and start to decline only with pathological ageing, see
e.g. Lemaire & Bherer, 2005 for a review), the hypothesis of semantic conflict being
automatic was advanced. In this view, the suppression of this latter type of conflict is indeed
unlikely (Augustinova & Ferrand, 2014).

Also, and importantly for the issue under consideration here, both young and older
adults seemed to be highly responsive to this SLCC manipulation in this study and given the
higher baseline levels of Stroop interference in older adults (compared to young one), older
adults seem to benefit even more from this SLCC manipulation. However, this latter benefit
was clearly observed at the level of response conflict, as opposed to semantic one. This latter
reasoning seems to reinforce that of Jackson and Balota (2013; see also e.g., Bugg et al.,
2007; Wolf et al., 2014) that the ability to attend to and process the relevant color dimension
of Stroop words remains preserved in healthy ageing. Otherwise, both Coloring x Age-Group
and the overall Interference-Type x Coloring x Age-Group interactions would have been
significant.

However, the fact regardless of age, suppression of semantic conflict seemed unlikely
in this study, simultaneously challenged Jackson and Balota’s reasoning that healthy aging
lowers the ability to ignore or inhibit an irrelevant word dimension of Stroop words. In line
with more recent meta-analytic findings (Rey-Mermet & Gade, 2018), higher levels of

response conflict in older participants are consistent with the idea that healthy ageing lowers
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the ability to inhibit irrelevant responses (i.e., response primed by the irrelevant word-
dimension of Stroop words).

Nonetheless, the use of semantic associative interference as a proxy for measuring of
semantic conflict has been criticized (Hasshim & Parris, 2014, 2015; Parris et al., 2021; see
also Burca et al., 2021, 2022). Also, and importantly, Burca et al. (2022) have recently argued
that the absence of an age effect on semantic associative interference in Augustinova et al.’
(2018, see also Li & Bosman, 1996) is likely due to proportional transformation applied in
this study to control for age-related general slowing. Somewhat counterintuitively, this type of
transformation (unlike z-scores) creates an advantage for older adults in the presence of
slower RTs (see e.g., Faust et al., 1999; Hedge et al., 2018 for arguments making z-scores
more suitable transformation). Indeed, the re-analysis of the z-scored data from Augustinova
et al. (2018) by Burca and colleagues (2022) showed that the originally significant
Interference-Type x Aging interaction become non-significant, and the additional Bayesian
analyses actually provided moderate evidence against this interaction. This suggests that the
magnitudes of both semantic and response conflict in Augustinova et al.’s z-scored data
tended to be greater in older adults than in their younger counterparts.

While the results regarding semantic conflict are in line with those reported in 2-to-1
Stroop paradigm (De However, 2003) with an additional color-neutral baseline (Hashim &
Parris, 2014) by Burca et al. (2022), discrepancies currently remain regarding the effect of
healthy aging on response conflict. Indeed, this latter study had actually found that healthy
ageing leaves response conflict unaffected. Therefore, the goal of the present experiment was
to address this remaining issue along with the one of SLCC-benefit on semantic vs. response
conflict. Indeed, recent study of Burca and colleagues (2021) seems rather inconclusive with
regard to the effect of SLCC in the 2-to-1 Stroop paradigm. Therefore, the experiment

reported bellow was aimed at shedding an additional light on this issue.
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3.2 Method

Participants and Inclusion process and criteria

Fifty-one community dwelling older adults (37 females and 14 males; Mage = 68.54, SD
= 5.70) volunteered to participate in this study. All participants were native French-speakers,
reported normal or corrected-to-normal vision, and presented no impairment in color
discrimination (see Table 3S in Supplementary Materials for further demographic and
psychometric information). To ensure they fit the inclusion criteria, as in Experiment 1, after
they had participants signed an informed consent, the participants first completed a
demographic and anamnestic interview, which was identical to the one reported in Experiment
1 (see Supplementary materials for more information) and then underwent a psychometric
evaluation battery. Results of showed that all the participants fit the inclusion criteria meaning

that none presented abnormal/pathological scores at the psychometric evaluation.

Procedure, Apparatus, Stimuli and Design

After they had completed the aforementioned demographic and anamnestic interview
and psychometric evaluation, participants completed a computerized version of the Stroop
Task similar to Burca et al. (2021, see also Chapter 1), with one minor difference that instead
of seeing 240 stimuli in total (i.e., 120 stimuli in each of the Coloring-condition), the present
study, the participants have seen 192 trials in total (i.e., 96 stimuli in each of the Coloring-
condition, see also Supplementary Materials of this chapter for details of Apparatus and
Stimuli). Therefore, as in Burca et al. (2021), the data was collected using a 4 (Stimulus-Type:
different-response vs. same response vs. neutral different response vs. neutral same response)
x 2 (Coloring: All Letters Colored and Cued - ALCC vs. Single Letter Colored and Cued -

SLCC) fully within-participants experimental design.
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3.3 Results and Discussion

No participants were excluded from the present study. The error rate was extremely low
in the present dataset (1.01%), and results on such a small data sample cannot be
meaningfully interpreted, thus no analysis on the error rates were conducted. RTs greater than
3SDs above or below each participant’s mean latency for each condition were excluded from
the analysis (resulting in the exclusion of 0.88% of total data). Remaining RTs from 51 older
adults were subsequently analyzed in an omnibus 4 (Stimulus-Type: DR-incongruent vs. SR-
incongruent vs. DR-neutral response vs. SR-neutral) x 2 (Coloring: All Letters Colored and
Cued - ALCC vs. Single Letter Colored and Cued - SLCC), with both standard frequentist and
Bayesian ANOVA.

It revealed the significant main effect of Stimulus-Type [F(3,150) = 17.529; p<.001,
1" = 0.260; BF 9= 2.576e+7] and marginally significant of Coloring [F(1,50) =3.477;p =
068, 1,° = 0.065], with BF1o= 1.217 providing anecdotal evidence in favor of such this effect.
Finally, Stimulus-Type x Coloring interaction revealed to be significant [F(3, 150) = 6.437;
p<.001, 7,°=0.114] with BF o= 11.108 providing moderate Bayesian evidence in favor of

this interaction.

Is there semantic conflict in the Stroop task?

As above (see section 2.2), to answer this question — constituting a necessary pre-
requisite to examining the type of conflict that is influenced by SLCC-manipulation in the
Stroop task —, the aforementioned significant main effect of Stimulus type was decomposed.
This decomposition showed that RTs to DR-incongruent stimuli were significantly longer than
those observed for their DR-neutral counterparts (p<.001; BF1o= 7.472e+7) — revealing at
hand significant standard Stroop interference of 59msec. This decomposition also showed that

RTs to SR-incongruent stimuli were significantly longer than those observed for their SR-
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neutral counterparts (p = .033; BF10= 12.609) — revealing that semantic Stroop interference of
49 ms was also significant. However, exactly like in Burca et al. (2021)’ study, the difference
between RTs to DR-incongruent and SR-incongruent remained not significant (p = 1.000;
BF10=0.509) and BF¢1 = 1.966 actually provided anecdotal evidence again this effect. In sum,
while these results again attest that the contribution of semantic conflict to the overall (i.e.,
standard Stroop interference) undeniably occurs, this contribution does not seem mandatory
for response conflict.

To explore this issue of semantic conflict further, we then decomposed the
aforementioned Stimulus-Type % Coloring interaction by testing the simple main-effect of
Stimulus-Type at each level of Coloring (see Table 1 for descriptive statistics). This simple
main-effect was significant in both ALCC [F(3,48) = 14.28; p<.001, 5,° = 0.472; BF o=
6.779e+7%] and SLCC [F(3,48) = 10.00; p<.001, 5,° = 0.385; BF 9= 2.591/BF¢: = 0.386] and
revealed significant standard Stroop interference (DR-incongruent — DR-neutral trials) in both
conditions of Coloring: ALCC- (p<.001; BF10=890838.28) and SLCC-condition respectively
(p<.001; BF10=2674.350, see Table 1 for descriptive statistics). Further pairwise
comparisons, again unequivocally revealed the presence of significant semantic Stroop
interference (SR-incongruent — SR-neutral trials) in ALCC-condition (p = .003) that was
again supported by strong Bayesian evidence (BF10=94.51). However, in SLCC-condition,
the contribution of semantic conflict was no longer significant (p = 1.000; BF1o= 1.000) and
BFo1 =4.615 had actually provided moderate evidence against this effect. Interestingly
enough this elimination of semantic Stroop interference is actually driving Stimulus-Type x

Coloring interaction as the contrasts between the two incongruent stimuli (DR-incongruent

2A Bayesian repeated measures ANOVA compares a series of different models against a null model. It
therefore cannot be decomposed by testing simple main effects per se. Therefore, BFs provided test main effect
of Stimulus-Type in ALCC and SLCC respectively — which explains why a Bayesian approach that is generally
more conservative, actually yields larger effects.
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SR-incongruent, i.e., response conflict) remained non-significant in both ALCC- (p = 1.000;
BF10=0.669/BFo; = 1.496) and SLCC-condition (p = 1.000; BF1o= 0.238/BF¢1 = 4.206).

Furthermore, unlike in Burca and colleagues (2021)’ study, there was no additional
evidence for response conflict in slow (as opposed to fast) participants (see Supplementary
Materials of their study for these additional analyses) and adding more participants would
have not solved this issue (see Supplementary Materials here below for these sequential
analyses). However, given that the overall (i.e., standard) Stroop interference remained
significant in SLCC-condition despite the complete elimination of semantic Stroop
interference (i.e., semantic conflict) suggests that at least some conflict (probably the sum of
semantic and response conflict — each in unknown and separately in non-significant amount)
undeniably occurs.

The presence of significant semantic interference overall and in ALCC-condition is
thus consistent with the idea that a semantic conflict indeed genuinely contributes to the
overall Stroop interference effect even when color-neutral words are used as baseline (see also
Hershman & Henik, 2020’ pupillometric measures, but see Hashim & Parris, 2014, 2015;
Hershman & Henik, 2020’ RTs). And this contribution occurs without any presence of color-
congruent items (see also Burca et al., 2021) that are known to boost interference (Roelofs,
2010) and therefore possibly enlarge magnitudes of different types of conflict. However,
again, as Burca et al. (2021), the contribution of response conflict to the overall (i.e., standard)

Stroop interference seems optional.

Does SLCC manipulation improve older adults’ performance in the Stroop task?
The aforementioned elimination of semantic interference in SLCC-conditions clearly
indicates that SLCC improves older adults’ performance in the Stroop task to the point of

complete elimination of semantic interference. Consistent with this latter idea, SLCC (as
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compared to ALCC) indeed significantly shortened RTs to SR-incongruent trials [F(1,50) =
6.37; p =.015, ,°=0.113; BF 0= 5.281]. However, SLCC also significantly shortened RTs to
DR-incongruent trials [F(1,50) = 11.85; p = .001, 5,° = 0.192; BF1o=48.94] and again, as in
Burca and colleagues (2021)’ study, it failed to reduce RTs to both color-neutral trials. Indeed,
the lack of simple main effect of Coloring on both DR-neutral [F(1,50) = 0.05; p = .824, 1,° =
0.001; BF19=0.129/BF¢1 = 7.736] and SR-neutral trials [F(1,50) = 1.10; p = .299, #,° = 0.022;
BF10 = 0.080/BFo1 = 12.557] revealed that color-neutral trials remained unaffected by
Coloring manipulation (but see e.g., Kiiper & Heil, 2012 for this result). These results
therefore suggest SLCC influences both semantic and standard Stroop interference per se,

such that it reduces RTs to incongruent trials.

Table 1. Color-Identification Performance (Means, Standard Deviation, 95%-Confidence Intervals) observed as a
Function of Stimulus- or Interference- Type and Coloring

Coloring
All Letters Colored and Cued Single Letter Colored and Cued
(ALCC) (SLCC)
SLCC
M M
CI CI effect
(SD) (SD) (RT)
1121 1077
Color-Incongruent Different (265) [1047,1196] (263) [1003,1150] 441t
Response (DR) - - :
- 1039 1041
Color-Neutral Different - N aaar®
Response (Neutral DR) (269) [963,1114] (248) [971.1110] +2nsns
1107 1071
Color-Incongruent Same -
Response (SR) (270) [1031,1182] (271) [994,1147] -36
1050 1065
Color-Neutral Same Response N A c S—
(Neutral SR) (280) [988,1143] (276) [651, 690] +15
M M
(SD) c (SD) c
Standard Stroop Interference 83mm 36mTT
5 21.5
(DR - Neutral DR) (90) (57.108) (53) (21.51]
Semantic Stroop Interference 57 Sealne®
(SR — Neutral SR) (110) [26,87] (89) [-19.30]

Note. Inferential approach: =non-significant; *significant at p < 05; *“*significant at p < 01; tsignificant at p < 001; Bayesian
approach (presented after the slash): *no evidence of an effect, with both BF1¢ and BFp; values between 0-1; ®"anecdotal evidence in
favor of H1, but moderate evidence in favor of HO, with BF 1o value between 0-1, and BF o1 value between 3—-10; *moderate evidence in
favor of H1, with BF 1o value between 3-10; “*strong evidence in favor of H1, with BFo value between 10-30; T very strong evidence
in favor of H1, with BF 1o between 30 -100; ffextreme evidence in favor of H1/of an effect, with BFio <100
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To examine this idea further, magnitudes of both types of interference were further
analyzed in a 2 (Interference-Type: Standard vs. Semantic interference) x 2 (Coloring: ALCC
vs. SLCC) ANOVA (see Table 1). This analysis revealed main effects of Interference-Type
[F(1,87)=7.285; p = .008, 5,°= 0.077; BF10=2.207], and of Coloring [F(1,87) = 6.066; p =
016, 17,° = 0.065; BF10= 5.243]. However Interference-Type x Coloring interaction remained
non-significant [F(1,87) = 1.925; p = .169, #,° = 0.0322, BF 9= 0.401] and BFo; = 2.491
actually provided anecdotal evidence against this interaction — the lack of which suggests that
SLCC reduces both semantic and standard Stroop interference in tandem. Although this latter
result show that the performance of older adults in the Stroop task clearly benefits from SLCC
manipulation, as we will discuss in further details, the type of conflict that is driving this

benefit is still relatively unclear.

4. General Discussion and Conclusion

The primary goal of this study was to investigate the extent to which the ability of
selective attention in older adults’ benefits from attention driving interventions. As we argued
above, the implication of selective attention in daily activities such as driving is paramount.
Since driving is closely related to the maintenance of older adults’ independence (see e.g.,
McCloskey & Webb, 2021), improving selective attention in older adults substantially
increases their quality of life (see e.g., Owsley, 2002). To address this issue of applied
importance, we examined the effects of variations in Response-Stimulus Intervals (RSI) and
variations in Coloring and Cueing of Stroop stimuli (SLCC).

Both of these moderators have indeed substantial attention in prior research. However,

the type of conflict (semantic vs. response vs. both) that actually benefits from these
interventions is still unclear in general population and clearly unknown in older adults.

Therefore, the additional goal of this study was to address just this issue of a more theoretical
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importance. Because this type of investigation has a necessary pre-requisite that semantic
conflict indeed contributes to the overall Stroop interference (i.e., contribution that is not
anticipated by currently dominant models of Stroop interference; see e.g. Cohen et al., 1990;
Glaser & Glaser, 1989; Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990; Roelofs,
2003), the present study also addressed this more fundamental issue.

In both experiments reported above, semantic conflict contributed significantly to the
overall (i.e., standard Stroop interference). In line with Burca and colleagues (2022), in
Experiment 1, this contribution was independent of both response conflict and of Stroop
facilitation that were both significant in this study. These results also showed that both
interference and facilitation contribute to the overall Stroop or congruency effect’. However,
since color-congruent items are known to boost the overall Stroop effect (Roelofs, 2010) and
therefore magnitude of its different constituents, these trials were not included in Experiment
2 (as in Burca et al., 2021). In line with this latter study, and Experiment 1, the contribution of
semantic conflict was again significant overall. However, this contribution interacted with the
effect of Coloring such that the contribution of semantic conflict was only significant under
standard presentation of Stroop stimuli (i.e., in ALCC-condition).

Also, and importantly, as in Burca et al. (2021), the contribution of response conflict
remained non-significant in Experiment 2 (see also Saban, 2021) and taking into account the
speed of processing or adding more participants would not solve this issue. Therefore, exactly
like the contribution of semantic conflict to the overall Stroop interference challenges the
dominant models of Stroop interference (e.g. Cohen et al., 1990a; Glaser & Glaser, 1989;
Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990; Roelofs, 2003a), it is also the case of

the absence of response conflict in the 2-to-1 Stroop paradigm. Indeed, this pattern of results

3 Therefore, congruency effect observed without any color-neutral baseline does not constitute a
suitable proxy for studying cognitive conflict and its control (see e.g., Egner, 2010).
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reinforces the idea that a selection in the Stroop task can occur without any response
competition. It should be noted however that the only two-stage model of Stroop interference
(Zhang et al., 1999; Zhang & Kornblum, 1998) is equally unable to account for this pattern of
finding. Therefore again (see also Burca et al., 2021, 2022), the most obvious implication of
these results is that more theoretical effort is still needed to account for this polymorphic (i.e.,
with or without response conflict) nature of the Stroop effect (see Martinon et al., submitted;
for discussion).

Concerning the extent to which older adults benefit from attention-driving
interventions, Experiment 1 failed to provide any evidence that shortening Response-Stimulus
Intervals (RSI) from habitual 2000 ms to 200 ms is beneficial for older adults’ performance in
the Stroop task — as previously shown by Jackson and Balota (2013). Perhaps the most
parsimonious explanation is that shorted RSI failed to increase participants’ response speed.
Yet, this seems to be the key factor behind the participants’ consistent deployment of their
inhibitory abilities across time (see De Jong et al., 1999). Due to this lack of effect on
response speed, attentional lapses remain even in short RSI — as suggested by the lack of
significant Stimulus-Type x RSI interaction. However, as already mentioned, this lack of RSI-
effect is not completely unknown in the literature (see e.g., Martinon et al., Experiment 1
submitted; Sharma et al., 2010 for the absence of this benefit and Galer et al., 2014 for the
inverse benefit of (very) long RSI). As a result, this experimental induction might not be as
potent as the numerous citations of De Jong and colleagues’ study might suggest. Since
despite some replications (see e.g., Augustinova et al., 2018a; Martinon et al., Exp. 2; Parris,
2014), our own group also repeatedly failed to replicated the eftfect of RSI by the part, it is
important that journal editors continue to encourage complete reporting of experimental
outcomes, including null effects, such that the actual efficiency of this induction can be

efficiently assessed.
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Contrary to the effect of RSI, performance of older adults in the Stroop task clearly
benefited from SLCC (as compared to standard presentation of Stroop stimuli as in ALCC).
However, as mentioned above, the type of conflict that is driving this benefit is still relatively
unclear. Recall indeed that SLCC completely eliminated the contribution of semantic conflict
to Stroop interference — as indicated by the non-significant semantic interference in SLCC-
condition. This finding seems therefore perfectly line with Manwell et al.’s Account 2 of the
SLCC-effect (see also Labuschagne & Besner, 2015) suggesting that SLCC eliminates
semantic processing in the Stroop task altogether. Consistent with this latter idea, SLCC (as
compared to ALCC) indeed significantly shortened RTs to same-response trials but also those
different-response trails. Given that response conflict in this Experiment 2 remained non-
significant in both ALCC- and SLCC-condition, is seems reasonable to assume that this latter
shortening can reflect the reduction of semantic conflict that different-response trials also
involve (in addition to response conflict). Yet, the fact that standard Stroop interference
remained significant in SLCC despite a complete elimination of semantic conflict (and non-
significant response conflict) runs counter the idea semantic processing (along with response
processing) is curtailed altogether. For instance, Heil et al.” (2004) indeed showed the lack of
semantic priming effect in RTs while a significant negative-going ERP around 400 ms (used
as an indicator of semantic activation) was detected at the same time. Thus, as already argued
by Neely and Kahan (2001; see also Augustinova et al., 2010, Augustinova & Ferrand,
2014b), an apparent elimination of semantic Stroop interference does not necessarily mean
that semantic activation is curtailed.

It should be noted however that this remaining standard Stroop interference in SLCC-
condition can still be driven by a more general conflict (i.e., task conflict) that — for all
readable Stroop items including color-neutral ones — derives from the simultaneous

preparation of two task sets: word-reading vs. color-naming, e.g., Goldfarb & Henik, 2007;
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Hershman & Henik, 2019). This idea is still contradicted by the lack of SLCC-effect on both
types of color-neutral trials (but see Burca et al., 2021 for discussion of this finding that the
present study further replicates). In sum, in line with Manwell et al.’s reasoning (and clearly
counter to Augustinova et al.’s work), the effect of SLCC is largely driven by the reduction of
semantic conflict, even though the reduction of response and task conflicts by this
intervention cannot be ruled out in the present study. Therefore, future studies need to address
this issue while isolation the contribution of all these conflicts to Stroop interference. If
anything, standard Stroop interference that remained significant in the SLCC-condition
(unlike that semantic Stroop interference) is likely to suggest that the Stroop effect is indeed
composite phenomenon — resulting from the joint contribution of all of these conflicts along
with their perhaps complex interactions. As above, we are likely to attribute this remaining
interference to the sum of these different conflicts — each in unknown and separately non-
significant amounts. Said differently, we are tempted to conclude that a task, semantic and
response processing still occur in SLCC, simply not in amounts that would allow to capture
their specific contributions in RTs. This reasoning is indeed reinforced by the idea that ERPs
are sensitive to SLCC procedure early (from 185 to 245 ms) in processing of Stroop words
and at this stage independently of color-incongruency that is processed later (see also
Navarette et al., 2015). In sum, is it possible that better attentional focus on the relevant
dimension that SLCC induces (as compared to ALCC), reduces significantly the early
(Hershman & Henik, 2019, 2020) task conflict. As a result of this reduction of the irrelevant
(i.e., word-reading) task-set (see also Kinoshita et al., 2017), word-information of color-
incongruent Stroop words interferes less with the relevant information (i.e., color to be
named). Said differently, it interferes less not because it is better inhibited but because it
activated less strongly in SLCC (as compared to ALCC). Again, future research deploying

time-course sensitive indicators such as ERPs (e.g., Augustinova et al., 2015; Navarette et al.,
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2015) or mouse-trajectories (see e.g., Bunt et al., 2015; Quétard et al., submitted) is needed to
address these competing possibilities thoroughly. Indeed, the most obvious limitation of the
present study is that this type of processing — taking place before the actual output — can only
be inferred from RTs. In sum, more research is still needed to account for both loci of the
Stroop effect, but also changes in these loci as a function of attention-driving moderators.

To conclude, Experiment 2 successfully replicated results reported by Burca et al.
(2021) in older adults. Also, and importantly, the results of this replication are encouraging
since they suggest that older adults actually benefit from SLCC intervention more than do
younger adults of Burca and colleagues’ study. Indeed, in this latter study, semantic Stroop
interference was still supported by strong Bayesian evidence in SLCC-condition, whereas in
the present study (i.e., study conducted in older adults) showed moderate Bayesian evidence
against this semantic interference. Also, and importantly, this latter reduction needs to be seen
in light of higher baseline levels of this type of interference in older adults (see Burca et al.,
2022)* Therefore, the results of the present study clearly indicate that the cognitive
functioning of the elderly can be substantially improved through more effect design of

different types of devices used for both work and leisure purposes.
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6. Supplementary Materials

Table 1S. Demographic Variables and Mean Psychometric Test Scores of Participants taking part in Experiment 1

N=50

M SD CI
Age 70.01 5.60 [68.53, 71.49]
Education 10.96 3.46 [10.64, 11.27]
(years)
MOCA 27.09 1.85 [26.92, 27.25]
MILL-HILL 26.01 431 [25.62, 26.41]
HADS 11.98 4.94 [11.53, 12.43]
Processing 23.70 5.84 [23.17, 24.24]
speed
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Table 3S. Color-Identification Performance (Means, Standard Error, 95%-Confidence Intervals) observed as a

Function of Stimulus-Type and of its decompositions (Experiment 1)

M
(SE) Cl

Overall Stroop Interference 112Vt
(DR — Congruent) (8.47) [15, 62]
Facilitation Effect 24™7t [8, 40]
(Neutral - Congruent) (5.83) ’
Standard Stroop Interference 8gi/it
(DR — Neutral) (13) [53, 124]
Response Conflict 397/t [15, 62]
(DR - SR) (8) :

. 501t
Semantic Stroop Interference ®) [27, 73]

(SR — Neutral)

Note. Inferential approach: ™non-significant; “significant at p < .05; “significant at p < .01; fsignificant at
p < .001; Bayesian approach (presented after the slash): ™no evidence of an effect, with both BF10 and BFo1
values between 0-1; "*anecdotal evidence in favor of H1, but moderate evidence in favor of HO, with BF10
value between 0-1, and BFo: value between 3-10; “moderate evidence in favor of H1, with BFio value
between 3-10; *“strong evidence in favor of H1, with BF1o value between 10-30; + very strong evidence in
favor of H1, with BF10 between 30 -100; fextreme evidence in favor of H1/of an effect, with BF10 <100.

RT DR RT SR
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Figure 1S. Sequential analysis for all Stimuli-Types with RSI as a grouping variable (probability of finding an
effect of RSI if more participants are added in Experiment 1)
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Analysis on slow vs. fast participants (Experiment 1)

The possibility that only the slow (vs. fast) participants benefited from the RSI
moderator was examined. To this end, an omnibus 4 (Stimulus-Type: different-response vs.
same-response vs. neutral vs. congruent) x 2 (RSI: slow vs. fast) x 2 (Speed: fast vs. slow
participants) was conducted. The main effect of Stimulus-Type was significant [F(3,153) =
57.17; p <.001, 7,° = 0.529; BF19o=1.737e+21]. The main effect of RSI was not significant in
this analysis [F(1,51) =.749; p = .391, ,° = 0.014; BF 0= 0.573/BF, 1= 1.744]. However, the
main effect of speed revealed to be significant [F(1,51) = 59.12; p < .001, ,° = 0.537; BF o=
1.653e+7], showing that indeed the fast participants had shorter RT’s overall. However, the
interaction RSI x Speed did not reach significance [F(1,51)=2.53; p = .118, 5,° = 0.047; BF 9
=1.103/BFo1 = 0.906], and neither did the 3-way interaction Stimulus-Type x RSI x Speed
[F(3,153) = .144; p = .934, 5,> = 0.003; BF 10 = 1.106/BFo; = 0.903].

Only the Stimulus x Speed of participants was significant [F(3,153) = 9.19; p<.001,
n° =0.153; BF19 = 1467.88]. Its decomposition (see Table 4S bellow) showed, that all the
fast participants had significantly shorter response times as compared to the slow participants
(all ps <.001). Moreover, this decomposition revealed, that both fast and slow participants
displayed a significant overall Stroop effect (both p’s<.001). However, in fast participants,
this latter effect did not involve facilitation (p = .288), whereas it was the case if slow
participants (p = .008). The overall Stroop interference was significant for both the fast (p =
.047) and slow participants (p <.001). Yet in fast participants neither the response conflict nor
the semantic conflict reached significant contribution to this effect (both p’s>.05) and this
despite quite substantial magnitudes (see here bellow Table 4S), while in slow participants,
both a significant response and semantic conflicts (both p’s<.001) contributed significantly

(see Table 4S for descriptive statistics). These results suggest, that as in Chapter 3, the speed
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of processing (or responding) does influence the components of the Stroop effect and their
magnitudes.

Table 4S. Color-Identification Performance (Means, Standard Error, 95%-Confidence Intervals)

observed as a Function of Stimulus % Speed interaction (Experiment 1)

- - Speed
Fast participants Slow participants effect
M M
(SE) CI (SE) CI
Different Response (DR) 724 1121 -397%*
Color-Incongruent items (40) [644.804] (38) [1045,1197]
703 1067 -364**
Same Response (SR)
Color-Incongruent items (33) [632,773] (34) [1000,1135]
675 996 -321%*
Color-Neutral items (28) [616,733] (28) [941,1051]
657 968 S311%*
Color-Congruent items (38) [597,717] (28) [911,1025]
M M
(SD) CI (SD) CI
Overall Stroop 67" 153"
Interference (16) [22,112] (12) [110,196]
(DR — Congruent)
Facilitation Effect 180 28"
(Neutral — Congruent) ©) [.288, -6] ) [5,51]
Standard Stroop
interference 50" 125™
(DR —Neutral) (18) [-12,53] (17) [78,171]
Semantic Stroop gns 71
Interference
(SR — Neutral) (12) [-4,61] (11) [40,102]
Response Conflict qns 53%
(DR-SR) (12) [-12,55] (12) [21,85]

Note. Inferential approach: ™non-significant; “significant at p < .05; *“significant at p < .001;

Analysis on fast vs. slow trials (Experiment 1)
An omnibus 4 (Stimulus-Type: different-response vs. same-response vs. neutral vs. congruent)

x 2 (RSI: slow vs. fast) x 2 (Bins: fast vs. slow trials) was conducted. Again, as expected, the

main effect of RSI did not reach significance [F(1,53) = .382; p = .539, 5,° = 0.007; BF 1o

0.305] and this this analysis actually provided moderated evidence against this effect, BFo:
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3.281. Both the main effect of Stimulus-Type [F(3,159) = 59.74 p <.001, 5,° = 0.530; BF1o=
4.709/BFo1 = 0.212], and that of Bin was significant [F(1,53) = 227; p< .001, 5,°= 0.811; BF 1o
= 4.492¢+110]. The Bin x RSI interaction remained not significant [F(1,53) =.434; p = .513,
1" = 0.008; BF 9= 0.421/BFo; = 2.372] along with the 3-way interaction Stimulus-Type x RSI
x Bin [F(3,159) = 2.34; p = .076, 1,° = 0.042; BF19= 0.099/BF¢; = 10.05].

However, similar to the analysis reported above on fast vs. slow participants the
Stimulus x Bin interaction was significant [F(3,159) =47.43; p<.001, 5,°= 0.472; BFjo=
7.832]. The decomposition of this interaction (see Table 5S for descriptive statistics) showed
that in both fast and slow trials all Stroop phenomena were significant. Indeed, in both fast
and slow trials a significant Stroop effect results from both significant facilitation and
interference. Moreover, in both fast and slow trials, this latter phenomenon resulted from the
significant contribution of both a semantic and response conflicts (all p’s <.05). These results
suggest that variations in speed does not affect the actual components of the Stroop effect, it

influences however their magnitudes.

Table 5S. Color-Identification Performance (Means, Standard Error, 95%-Confidence Intervals) observed as a

Function of Stimulus % Bin interaction (Experiment 1)

Fast Bin Slow Bin Speed
effect
M M
(SE) CI (SE) CI
Different Response wox
(DR) (72053) (653, 753] 1(3; [069,1278) - 470
Color-Incongruent items
682 1119 - 4377
Same Response (SR)
Color-Incongruent items (24) [635,730] (48) [1022,1213]
658 1040 -382™
Color-Neutral items (20) [619,697] (42) [955,1124]
641 1004 -363™
Color-Congruent items (20) [601,682] (40) [922,1084]
M M
(SD) CI (SD) CI
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Overall Stroop

Interference 6(%5) [7,34] I(Z(,)]) [125,215]
(DR - Congruent)

Facilitation Effect 17 36™

(Neutral — Congruent) 3) [10,24] (1) [7,65]
(DR — Neutral) C) [20,70] (16) [90,178]
(SR — Neutral) (6) [25,57] (14) [78,153]
Response Conflict 2™ 55

DR - SR 7,34 22,88
( ) ) [7.34] ) [22,88]

Note. Inferential approach: ™non-significant; “significant at p < .05; **significant at p < .001;

Table 6S. Demographic Variables and Mean Psychometric Test Scores of Participants taking part in Experiment 2

N=50
M SD CI

Age 68.54 5.75 [68.01, 69.09]
Education 10.92 3.50 [10.59, 11.25]
(years)

MOCA 29.01 1.06 [28.91,29.11]
MILL-HILL 25.25 5.10 [24.77, 25.73]
HADS 11.92 4.46 [11.50, 12.34]
Processing 24.19 5.4 [23.70, 24.69]
speed
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Figure 2S. Sequential analysis contrasting DR incongruent trials and SR incongruent trials for both slow and
fast participants (probability of finding a response conflict if more participants are added in Experiment 2).

if more participants are added in Experiment 2).
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GENERAL DISCUSSION

In order to contribute to the ongoing debate about the locus as opposed to loci of the
Stroop interference effect, the present dissertation was aimed at assessing whether semantic
conflict (1) contributes to the Stroop interference effect observed in the two-to-one Stroop
paradigm (De Houwer, 2003); (2) is spared by various experimental interventions
(Augustinova & Ferrand, 2014b) and age-related differences (Augustinova, Clarys et al.,
2018; Li & Bosman, 1996).

To this end, research depicted in Chapter 1 addressed current controversies
concerning semantic conflict and its reduction by single-letter coloring and cueing-procedure
(SLCC). On the first issue Chapter 1 provided, for the first time, unambiguous evidence for a
contribution of semantic conflict to the (overall) Stroop interference effect. The reported data
remained inconclusive on the second issue, despite being collected in a considerable sample
and analyzed with both classical (frequentist) and Bayesian inferential approaches. Given that
in all past Stroop studies, semantic conflict was possibly confounded with either response
conflict (e.g., when semantic-associative items [SKYpe] are used to induce semantic conflict)
or with facilitation (when color-congruent items [BLUEb1.] are used as baseline to derive a
magnitude for semantic conflict), its genuine contribution to the Stroop interference effect is
the most critical result of the study reported in this chapter. Indeed, it leaves no doubt — in
complete contrast to dominant single-stage response competition models (e.g., Roelofs, 2003)
— that selection occurs at the semantic level in the Stroop task. The immediate implications for
the composite (as opposed to unitary) nature of the Stroop interference effect and other still
unresolved issues in the Stroop literature were also outlined in this chapter (published as
Burca et al., 2021).

Previous studies (Augustinova et al., 2018b; Li & Bosman, 1996) have shown that the

larger Stroop effects reported in older adults is specifically due to age-related differences in
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the magnitude of response, and not semantic conflict, both of which are thought to contribute
to overall Stroop interference. However, the most recent contribution to the issue of the
unitary vs. composite nature of the Stroop effect (Parris et al., 2021) argues that semantic
conflict has not been clearly dissociated from response conflict in these or any other past
Stroop studies, meaning that the very existence of semantic conflict is at present uncertain. To
distinguish clearly between the two types of conflicts, the study conveyed in Chapter 2
employed the two-to-one Stroop paradigm (De Houwer, 2003) with a color-neutral word
baseline (Hasshim & Parris, 2014). This addition made it possible to isolate a contribution of
semantic conflict that was independent of both response conflict and Stroop facilitation.
Therefore, this study provides the first unambiguous empirical demonstration of the
composite nature of Stroop interference — as originally claimed by multi-stage models of
Stroop interference (Zhang & Kornblum, 1998; Zhang et al., 1999). This permitted the further
observation of significantly higher levels of semantic conflict in older adults, whereas the
level of response conflict in the present study remained unaffected by healthy aging — a
finding that directly contrasts with previous studies employing alternative measures of
response and semantic conflict. Qualitatively different explanations of this apparent
divergence across studies were also discussed in this chapter (published as Burca et al., 2022),
such as the response modality, the methods used to control for age-related slowing, and as
well the employed paradigms.

Research depicted in Chapter 3 addressed current controversies concerning the
contribution of semantic conflict to the overall Stroop effect further by combining the two-to-
one Stroop paradigm (De Houwer, 2003) — administered with an additional color-neutral word
baseline (Hasshim & Parris, 2014) — with variations in response-stimulus intervals (RSI, De
Jong et al., 1999). The study depicted in this chapter provided additional evidence in favor of

multi-stage models of the Stroop effect (Zhang & Kornblum, 1998; Zhang et al., 1999).

149



Indeed, in the conventional (i.e., long) RSI of 2000ms, and as in Burca et al. (2022, see
Chapter 2), the contribution of semantic conflict to the overall Stroop effect was independent
of both Stroop facilitation and of response conflict. While facilitation remained of comparable
magnitude in both RSI-conditions, as in Burca et al. (2021, see Chapter 1), a short RSI of 200
ms reduced both semantic and conflicts in tandem. Therefore, this study provided more direct
evidence for De Jong et al.’s original reasoning that performing the Stroop task under much
faster pace (as induced by a short RSI) reduces attentional lapses and boosts a more consistent
deployment of inhibitory abilities such that both the meaning of Stroop words and an
incorrect response it generates interfere less with naming of their color — as indicated
respectively by the reduction of semantic and response conflicts. Still, perhaps more
parsimonious explanations in terms of changes in response speed were also considered in this
chapter.

In light of the significant reduction of the Stroop interference effect via SLCC (as
opposed to ALCC, Chapter 1) and short (as opposed to long) RSI (Chapter 3) observed in
younger adults, the first goal of experiments depicted in Chapter 4 was to investigate whether
older adults’ performance in the Stroop task can also be improved by these attention driving
interventions. By investigating the type of conflict (semantic vs response) these interventions
reduce, this study was also aimed at addressing further current controversies concerning the
contribution of semantic conflict to the overall Stroop effect. In Experiment 1, semantic
conflict again contributed significantly to the overall Stroop effect and this contribution was
independent of both Stroop facilitation and of response conflict. However, a short (as opposed
to long) RSI failed to reduce this conflict or any other aforementioned Stroop phenomena. In
sum, this experiment failed to extend results conveyed in Chapter 3 to the population of older
adults. SLCC (as opposed ALCC) on the other hand successfully optimized the older adults’

Stroop performance and this via the significant reduction of semantic conflict. In this
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Experiment 2, semantic conflict again contributed significantly to the overall Stroop
interference effect but the contribution of response conflict remained non-significant (as in
Burca et al., 2021, see also Chapter 1). Indeed, perhaps the most important finding reported in
this experiment is that — in complete contrast to dominant single-stage response competition
models (e.g., Roelofs, 2003) — not only interference occurs in the absence of response conflict
(i.e., interference generated by same-response items) but no additional interference occurs for
items that should in principle generate this type of conflict (i.e., different-response items).
Taken together, the findings conveyed in Chapters 1-4 have important implications for

several pending issues in the Stroop literature.

The overall Stroop effect is a composite phenomenon

The present dissertation departed from the idea that the two-to-one Stroop paradigm is
currently the most popular way of distinguishing semantic from response conflict (see e.g., A.
Chen et al., 2011, 2013; Z. Chen et al., 2013; Hershman & Henik, 2019, 2020b; Jiang et al.,
2015; Saban & Schmidt, 2021; Schmidt et al., 2018; Schmidt & Cheesman, 2005; Shichel &
Tzelgov, 2018; Van Veen & Carter, 2005). This is not surprising given that on critical same-
response trials (e.g., BLUE:eq) both word and color dimensions provide evidence toward the
same response. Recall indeed that the two possible responses (i.e., red and blue here) are
mapped on the same (e.g., “j”) response key. Consequently, according to unitary or single-
stage response conflict models (e.g., Roelofs, 2003, see also e.g., Cohen et al., 1990; Glaser &
Glaser, 1989; Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990), these trials should not
produce any interference, as they do not involve any response conflict. Alternatively, any
interference produced by these trials can only result from semantic conflict — as originally
reasoned by De Houwer (2003) on the basis of the two-conflicts model of Zhang and

colleagues (Zhang et al., 1999; Zhang & Kornblum, 1998).
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Because we completely subscribe to this alternative, our initial idea — rooted in
Hashim and Parris (2014, 2015) — was that the evidence provided in De Houwer (2003)’s
initial study is not sufficient to attest the viability of two-conflicts model of Zhang and
colleagues (Zhang et al., 1999; Zhang & Kornblum, 1998) over single-stage response conflict
models (e.g., Cohen et al., 1990; Glaser & Glaser, 1989; Logan, 1980; Melara & Algom,
2003; Phaf et al., 1990, Roelofs, 2003). Recall indeed that in De Houwer (2003) — and in
multiple subsequent studies (see above) — both different- and same-response trials were
responded to slower than baseline identity or color-congruent trials (BLUEbue), and different-
response trials (i.e., trials involving both semantic and response conflicts) were responded to
slower than same-response trials. Still, all of these studies used color-congruent (or identity)
trials as the baseline against which interference induced by same-response trials is measured.
As a consequence, unitary or single-stage response conflict models of the Stroop effect
(Cohen et al., 1990; Glaser & Glaser, 1989; Logan, 1980; Melara & Algom, 2003; Phaf et al.,
1990; Roelofs, 2003) can still easily account for this difference as resulting from facilitation
on color-congruent trials (as opposed to interference on same-response trials). In line with this
idea, Hasshim and Parris (2014, 2015; see also Hershman & Henik, 2019, 2020 for RT
results) consistently reported significantly longer RTs for same-response trials than for color-
congruent trials, but no difference between same-response trials and color-neutral trials (i.e.,
trials that are free of facilitation, see e.g., Brown, 2011; MacLeod, 1991 for discussion).

In contrast to this interpretation, and in line with preliminary evidence from
Augustinova and Ferrand’s lab (see also Hershman & Henik, 2019, 2020 for pupillometric
results), we reasoned that — under standard conditions of the Stroop task (e.g., standard visual
presentation of Stroop stimuli with the RSI of 2000ms) — the difference between same-
response and color-congruent trials simply confounds both facilitation generated by color-

congruent trials and (semantic) interference generated by same-response trials. Said
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differently, we reasoned that both phenomena indeed contribute to this difference, each in
unknown amount (e.g., MacLeod, 1991).

To test this idea directly, and as in Hasshim and Parris (2014, Exp. 2), experiments
depicted in Chapter 2, Chapter 3 and Experiment 1 depicted in Chapter 4 used the two-to-one
Stroop paradigm with an additional (i.e., color-neutral) baseline. All of these different
experiments replicated De Houwer (2003) since both different- and same-response trials were
indeed responded to slower than baseline identity or color-congruent trials (BLUEbe), and
different-response trials (i.e., trials involving both semantic and response conflicts) were
responded to slower than same-response trials. Also, and importantly, we failed to replicate
Hasshim and Parris (2014, 2015; see also Hershman & Henik, 2019, 2020 for RT results).
Overall, same-response trials were responded to slower than color-neutral trials with Bayesian
evidence for this latter difference ranging from anecdotal to strong (e.g., overall, the study
depicted in Chapter 2 provided extreme evidence for semantic conflict for older adults but
only anecdotal for younger adults) and at the same time, color-congruent trials were
responded to faster than color-neutral trials with Bayesian evidence for this latter difference
ranging from inconclusive to moderate (e.g., the study depicted in Chapter 2 provided
moderate evidence for facilitation overall, but it was only anecdotal for older adults and
inconclusive for younger adults)?®.

Taken together, these findings provide novel evidence that the overall Stroop or
congruency effect (i.e., the difference between standard color-incongruent and color-
congruent trials) is indeed a composite phenomenon resulting from both facilitation and

(standard) Stroop interference. While — based on MacLeod’s seminal review (1991) — this is

! To illustrate further, overall, the study depicted in Chapter 3 provided moderate Bayesian evidence in
favor of facilitation in concert with anecdotal evidence in favor of semantic conflict. Under standard (i.e., long)
RSI of 2000 ms however, the evidence in favor of facilitation continued to be moderate, exactly like that one in
favor of semantic conflict. Furthermore, Experiment 1 depicted in Chapter 4 provided extreme Bayesian
evidence in favor of both facilitation and semantic conflict.
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of course not a substantial scoop, it is important to underlie that until up to this dissertation
this was not shown in the two-to-one Stroop paradigm. Thus, not only our findings converge
with those observed with standard Stroop paradigm (see e.g., Dalrymple-Alford, 1972;
Dalrymple-Alford and Budayr, 1966, Exp. 2), but they have also important implications for
current studies, namely those of conflict and of its control.

Indeed, magnitudes of a general conflict — central in these control studies (e.g., Egner
et al., 2010) — are currently inferred from the overall Stroop (or congruency) effect
(BLUEyetiow— BLUEbe). As a result, a reduction of this “general” conflict — used as evidence
for boosted cognitive control — is also currently inferred from the reduced overall Stroop (or
congruency) effect. This means that interference produced by color-incongruent items — the
reduction of which constitutes in reality prima facie evidence for increased cognitive control —
is confounded with an opposing facilitation effect produced by color-congruent items
(MacLeod, 1991; Parris et al., 2021).

Moreover, facilitation can actually increase substantially when, for instance,
experimental setups encourage contingent associative learning between color-stimuli and
responses (Schmidt, 2013). Given the existing control experiments do not often compare
performance on incongruent trials to color-neutral trials, the extent to which different
interventions designed to boost cognitive control reduce interference rather than boosts
facilitation and/or contingent responding in the Stroop task is at this point still unclear and this
despite several precautions taken toward this latter end (see e.g., Braem et al., 2019 for
discussion).

This conclusion can be extended to the most recent studies that attempted to
disentangle dynamics of cognitive control at stimulus vs. response level (e.g., Gajewski et al.,
2020; Hirst et al., 2019; see also Braem et al., 2019 for discussion). Indeed, as clearly shown

in our studies, in the absence of a color-neutral baseline, interference produced by same-
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response incongruent items — the reduction of which constitutes in reality prima facie
evidence for increased cognitive control at the stimulus level — is again potentially
confounded with an opposing facilitation effect produced by color-congruent items. To
conclude, because color-congruent items generate facilitation, using the overall Stroop
(congruency) effect as a proxy for interference and the difference between same-response and

color-congruent trials as a proxy for semantic conflict is at this point clearly questionable.

The Stroop interference effect is itself a composite phenomenon

In the Stroop literature, the dominant view is that the Stroop interference effect is a
unitary phenomenon. Indeed, single-stage models assume that it results from a unique conflict
occurring late in processing (i.e., at the level of response output, hence it is called response
conflict; see e.g. Morton & Chambers, 1973; Hommel, 1997; LaBerge & Samuels, 1974;
Shiffrin & Schneider, 1977 for early developments of these late selection accounts and e.g.,
Cohen et al., 1990; Glaser & Glaser, 1989; Logan, 1980; Melara & Algom, 2003; Phaf et al.,
1990; Roelofs, 2003 for their most recent developments often placing the explanatory weight
on parallel processing of the irrelevant and the relevant dimensions, as opposed to a single
bottleneck in attention that was central in early developments).

Findings discussed in the previous section showed that semantic conflict — induced by
same-response trials (i.e., trials that are free of response conflict) — clearly contributes to the
overall Stroop effect and this independently of both facilitation and response conflict. Since
unitary or single-stage response competition models (Cohen et al., 1990; Glaser & Glaser,
1989; Logan, 1980; Melara & Algom, 2003; Phaf et al., 1990; Roelofs, 2003) can account for
facilitation produced by color-congruent items but not interference produced by same-
response trials, they are clearly unable to account for the aforementioned findings showing

that semantic conflict along with response conflict contributes to overall Stroop interference
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occurring in tandem with Stroop facilitation. In sum, findings discussed in the previous
section provided converging evidence that can only be accounted for via the multi-stage
model of Zhang and colleagues (Zhang et al., 1999; Zhang & Kornblum, 1998). This
converging evidence is likely to suggest that the overall color-word Stroop interference has at
least two distinct loci: semantic and response conflicts.

It is however important to understand at this point that color-congruent trials — trials
that are systematically included in the two-to-one Stroop paradigm (De Houwer, 2003) — are
also known to amplify interference (see e.g., Roelofs, 2014 for their inclusion as void trials to
this end). Therefore, we also additionally reasoned that the contribution of semantic conflict
to the (overall) Stroop interference effect would be the most unambiguously demonstrated
without the actual inclusion color-congruent trials. To test this idea directly, the experiment
depicted in Chapter 1, and Experiment 2 depicted in Chapter 4 used the two-to-one Stroop
paradigm that was modified accordingly. Also, and importantly, both same-response and
different response trials were paired with their own color-neutral baseline to control for
contingency. Therefore, similarly to past studies using “sky-put design” (Neely and Kahan,
2001; see also Manwell et al., 2004) or semantic Stroop interference (Augustinova & Ferrand,
2014b), the magnitudes of both semantic (e.g., BLUEed — DEAL:e4, used as a proxy for
semantic conflict) and standard Stroop interference (BLUEYyeliow — DEALyelow) Were derived.
However, this was done without using the same color-neutral baseline twice (see Shichel &
Tzelgov, 2018, for discussion).

Overall, same-response trials were responded to slower than their color-neutral
counter-parts with Bayesian evidence for this latter difference ranging from moderate to
extreme. To illustrate, overall, the study depicted in Chapter 1 provided extreme evidence for
semantic conflict that continued to be extreme in ALCC-condition and strong in SLCC. In

Experiment 2 depicted in Chapter 4, the observation of semantic conflict overall was
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reinforced by moderate Bayesian evidence. However, while in ALCC-condition the evidence
in favor of this effect was strong or even very strong since close to 100 (i.e., BF10 = 94.51),
in SLCC-condition, the contribution of semantic conflict was no longer significant and Bayes
factor had actually provided moderate evidence against this effect. Still, under standard
conditions of the Stroop task (e.g., typical visual presentation of Stroop stimuli as in ALCC),
these studies provided substantial evidence that same-response items (i.e., items that are free
of response conflict) induce significant interference compared to their color-neutral
counterparts. Again, only multi-stage model of Zhang and colleagues (Zhang et al., 1999;
Zhang & Kornblum, 1998) is able to account for this converging evidence suggesting that
semantic conflict clearly.

Still, somewhat in contrast to this latter model but also in contrast to all single-stage
response models, neither aforementioned study (Chapter 1 and Exp. 2 depicted in Chapter 4)
provided substantial evidence for the contribution of response conflict to the overall Stroop
interference. To illustrate, overall, this contribution was only favored by anecdotal evidence in
Chapter 1 and while Bayesian evidence in favor of this contribution was inclusive in ALCC-
condition, there was a moderate Bayesian evidence against this effect in SLCC. In Experiment
2 of Chapter 4, no conclusive Bayesian evidence for this contribution was found overall and
in ALCC-condition, and moderate Bayesian evidence again this contribution was found in
SLCC-condition. While SLCC-manipulation — administered within participants in a single
block could have been responsible for this lack of response conflict —, it is important to
remember that this lack of response conflict was also observed outside of this manipulation
(e.g., in standard two-to-one paradigm administered to older adults in a study depicted in
Chapter 2, see also e.g., Saban, 2021). Therefore, we are likely to conclude that while under
standard conditions of the Stroop task (e.g., typical visual presentation of Stroop stimuli as in

ALCC, typical RSI of 2000ms), the Stroop interference is likely to result from both semantic
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and response conflicts (as predicted by Zhang and colleagues’ two stage model), but under
specific conditions (discussed here below in greater details) it can only result from semantic
(as shown in aforementioned studies) or response conflict (as shown by Hasshim & Parris,
2014, 2015). To conclude, the finding discussed in this and the previous section clearly imply
that selection in the Stroop task can occurs at the level of semantics — a finding that runs
counter to the dominant single-stage response competition models of Stroop interference.
Therefore, as previously mentioned, these latter models need to be modified to make room for

this type of conflict (see below).

Semantic conflict is permeable to moderators

As discussed in the General Introduction, several past studies indicate that semantic
conflict — induced by semantic associates (€.g., SK Ygreeen) — 1S spared by experimental
manipulations like hypnosis-like suggestion (Augustinova & Ferrand, 2012), priming of
dyslexia (Augustinova & Ferrand, 2014a), variations in Response—Stimulus Intervals
(Augustinova, Silvert et al., 2018), viewing position (Ferrand & Augustinova, 2014) and
Single-letter Coloring and Cueing (Augustinova & Ferrand, 2007; Augustinova et al., 2010,
2015, Augustinova, Clarys et al., 2018), while response conflict is not. Response conflict is
indeed significantly reduced by these interventions in the Semantic Stroop paradigm (see
Figure 3, p.15). Recall however that this paradigm has been criticized for its ambiguous
induction of semantic conflict. Therefore, the second goal of this dissertation was to examine
the extent to which the aforementioned dissociative pattern (i.e., preservation of semantic but
not of response conflict) — used as evidence that the two conflicts (semantic vs. response) are
qualitatively distinct (Augustinova & Ferrand, 2014b; see also Parris et al., 2021 for

discussion) — can be extended to the two-to-one Stroop paradigm.
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Results presented in all four chapter clearly converge toward the idea that, in the two-
to-one Stroop paradigm, semantic conflict is largely permeable to moderators. Indeed, it is
largely reduced by attention driving interventions such as SLCC (as opposed to ALCC, see
Chapter 1 and Experiment 2 of Chapter 4) and short RSI (as opposed to long RSI, see chapter
3 and 4). To illustrate, SLCC shortened responses to same-response trials in both young
(Chapter 1) and older adults (Exp.2, Chapter 4). However, this reduction was supported
respectively by anecdotal and moderate Bayesian evidence and in both experiments, the
evidence in favor of interaction between the type of interference (semantic vs. standard) was
inconclusive. This latter pattern is therefore the most consistent with the idea that SLCC (vs.
ALCQ) is likely to reduce both semantic and response conflicts in tandem.

Similar pattern was observed with short (as opposed to long) RSI — although
Experiment 1 presented in Chapter 4 failed to extend this pattern to the population of older
adults. Finally, findings presented in Chapter 2 are also consistent with the idea that semantic
conflict is permeable to moderators. Although the interaction between the type of conflict and
age-group was only supported by anecdotal evidence, semantic conflict was significantly
larger in healthy older (vs. younger) adults. Still, this interaction seems to rather reflect the
lack of response conflict that was observed in older adults (see the previous section for
discussion), rather than the genuine preservation of response conflict. In sum, in light of these
different results, we are likely to conclude the absence of dissociative pattern in the two-to-
one Stroop paradigm such that the aforementioned moderators are likely to reduce both
conflicts in tandem — although, as discussed in different chapters, our data are less clear-cut
on this issue. Given the differences in magnitudes of semantic conflict induced via semantic
associates as compared to same-response trials, we are likely to conclude that in past studies
of Augustinova and Ferrand, semantic conflict might not be affected by various experimental

manipulations simply because it is too small to be affected. Said differently, it is not the type
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of conflict (semantic as opposed to response conflict) but its (small) magnitude that leads to
its preservation. As previously discussed in Chapter 2, this parsimonious explanation — that
allows to reconcile past findings? — can actually apply to the apparent preservation of response
conflict in older adults observed in the study depicted in this chapter.

This absence of dissociation might suggest that semantic and response conflict
observed in the two-to-one Stroop paradigm are not qualitatively different. Still, in several
studies reported in the present dissertation, response conflict failed to contribute significantly
to the overall Stroop interference (Chapter 1, Chapter 2 and Exp. 2 depicted in Chapter 4).
Conversely, semantic (unlike response) conflict was statistically eliminated under a short RSI
(although both were reduced by this manipulation) in Chapter 3 (but see Exp.1 of Chapter 4
for the absence of this effect in older adults). This selective lack of contribution often
occurred while the overall Stroop interference was still of considerable magnitude. Therefore,
in line with the idea that semantic and response conflict and semantic conflict are qualitatively
different, these latter results are likely to indicate that semantic and response occur
independently one from another. Additionally, the fact that there is no overlap in neural
activations for semantic and response conflict observed in the two-to-one Stroop paradigm
(although administered with color-congruent trials as baseline) is also consistent with this
latter idea Chen et al., 2013; Milham et al., 2001, van Veen and Carter, 2005). For instance,
van Veen and Carter (2005) showed the activation of dorsolateral pre-frontal cortex, posterior
parietal cortex, and the ACC for semantic conflict, whereas they showed the activation of
more inferior lateral prefrontal cortex, left premotor areas and of more anterior and ventral

regions of the ACC for response conflict (but see Parris et al., 2019 for no involvement of

2 This explanation is indeed compatible with Manwell et al.’s Account 1 suggesting that SLCC
simultaneously reduces both semantic and standard interference. It is however still incompatible with their
Account 2 suggesting that SLCC curtails semantic conflict altogether (Manwell et al., 2004; see also Besner et
al., 2016 for discussion).
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ACC). The study therefore concluded that there are separate but analogous mechanisms for
dealing with these two different conflicts (see also Chen et al., 2013; Milham et al., 2001).

The fact that semantic conflict contributes to the overall Stroop interference (and this
with a magnitude that is different from that of response conflict) and it is permeable to various
moderators has important implication of neuropsychological practice. Indeed, current
implementations of the Stroop task used in this practice (e.g., Strauss et al., 2006) — rooted in
unitary models of Stroop interference — cannot account for the extent to which normal
development trajectory (see e.g., Burca et al., 2022 or Chapter 2; see also Ferrand et al., 2020
for the investigation in children) along with various clinical conditions selectively impact
semantic and response conflict. Indeed, as already discussed in Ferrand and colleagues
(2020), and in Parris et al. (2021), the extra sensitivity of the Stroop test (stemming from the
ability to detect and rate each of these components separately) would provide clinical
practitioners with invaluable information since the different forms of conflict are possibly
detected and resolved by different neural mechanisms operating in distinct neural regions. In
sum, results of the studies included in this dissertation — including those indicating that the
cognitive functioning of the elderly can be optimized (see Chapter 4) — call for changes in
Stroop research practices in basic and applied clinical research (see e.g., Augustinova et al.,
2018, Parris et al., 2021 for similar argument).

Note however that using same-response items to induce semantic conflict seems rather
inadequate in this context since the use of these items requires manual response mode (i.e.,
response that is not the best suited for clinical populations)®. Yet, using semantic-associates

instead does not seem a straightforward option either even though — as discussed in Chapter 2

3 As discussed in Chapter 2 for instance same-response trials have their own shortcoming. Because
both dimensions of these trials provide evidence towards the same response, they cannot (unlike semantic
associates) generate response conflict. However, they can still produce response facilitation. It still important to
note this response facilitation actually reduces and not inflates the magnitude of interference these items
generate.
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— it now seems reasonable to assume that both semantic-associative and same-response trials
actually induce semantic conflict (but in unknown quantities for the former). Quétard et al.’s
(submitted) investigation of mouse-tracking trajectory is in line with the idea that semantic-
associates are likely to involve at least some response conflict (see also Risko et al., 2006;
Saban, 2001). In this study, the magnitude of interference induced by incongruent semantic-
associates (e.g., SKYgreen) Was smaller than the one induced by incongruent out-of-the set
items (e.g., PURPLEgeen) while mouse deviation was actually more important for the former
than for the latter items. This pattern of results suggests that the induction of semantic conflict
by out-of-the set items might be more analogous (in terms of magnitude) to the induction via
same-response items. It is also consistent with the idea that semantic associates involve at
least some response conflict — most likely due to their direct association with response set
color (see e.g., Roelofs, 2003) that is not present for out-of-the set items. Still, future studies
need to address the functional equivalence of these different types of items directly — the issue
that cannot be successfully addressed without using a more time-course sensitive measure

such as ERPs (or EMGs®). This is precisely what we intend to do in our future studies.

Concluding remarks

Results depicted in Chapter 3 suggested that the composite nature of Stroop
interference (semantic vs. response conflict) and more generally of both Stroop facilitation
and interference — originally anticipated by the single multi-stage model of Zhang and

colleagues (Zhang et al., 1999; Zhang & Kornblum, 1998) — is likely a function of (slow)

4 The initial goal of the present dissertation was to address a related issue of EMG correlates of different
components of the Stroop effect. However, the EMGs data, namely specific indicators of the conflict (i.e., double
activations in general, and a more refined categorization where the pre-motor double activations and post-motor
double activations, were examined, with the goal to account for reactive and/or pro-active cognitive control, the
latencies and width and height of these activations were also examined) occurred insufficiently to be
meaningfully analyzed and interpreted. Therefore, future studies need to address these issues with using much
more trials per participant/conditions compared to the number of trials used in present studies.
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response speed, and thus of poorer performance. To investigate this issue further, Martinon,
Ferrand, Burca...and Augustinova (submitted), used again the two-to-one Stroop paradigm
with an additional (i.e., color-neutral) baseline. In two experiments, Bayesian evidence in
favor of semantic conflict was extreme and independent of both response conflict and
facilitation; all three together comprising the overall Stroop effect. However, vincentizing
reaction times further revealed that in the 25% fastest trials, the overall Stroop effect was
entirely driven by facilitation. In the next 25% fastest trials, the overall Stroop effect
comprised both interference and facilitation, but interference was driven solely by response
conflict. It was only in the slowest 50% of trials when the overall Stroop effect comprised
facilitation and both semantic and response conflict. These results suggest in sum that
response speed determines the composition of the overall Stroop effect (as first suggested by
results of the study depicted in Chapter 3).

As already suggested in this latter chapter, perhaps the most important implication of
these results is that taking response speed into account allows to reconcile contrasting findings
of Hasshim and Parris (2014) and those conveyed in the present dissertation®. Indeed, findings
presented in Chapter 3 along with those of Martinon and colleagues (submitted) suggest that
any factor that influences response speed should modify the nature of the Stroop effect and
that this modification should primarily concern the contribution of semantic conflict to the
overall Stroop interference. Still, as already argued by Martinon and colleagues, Zhang and
colleagues’ model — that the findings of the present disseratation are likely to favor — is unable
to account for semantic conflict occurring after response conflict. It remains possible that
semantic processing of the irrelevant word dimension of Stroop stimuli triggers the conflict at

the same time as response (as Zhang et al.” model would predict), but that semantic conflict is

® Recall that in Experiment 2a of Hasshim and Parris (2014), response times were indeed significantly
shorter than even in younger participants of Burca et al. (2022, see Supplementary online materials of this study
for non z-scored RTs).
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detected only after response conflict. Again, this possibility — that we are likely to favor — that
cannot be successfully addressed without using a more time-course sensitive measure such as
ERPs (or EMGs) either. Even if this true, Zhang and colleagues’ model is still unable to
account for task conflict that is also likely to occur in the Stroop task (the only model that can
currently able to account for this type of conflict (i.e., Kalanthroff et al., 2018” model) is yet
unable to account for semantic conflict observed in the present dissertation that). Finally,
Zhang and colleagues’ model anticipates both semantic and response conflicts are resolved at
the level of response selection (i.e., before the actual motoric action is initiated). However, the
aformentioned mouse-tracking study of Quétard and colleagues’ (submitted, see also Bundt et
al., 2018) showed no Stroop effects in initiation times only in later mouse-tracking
parameters. This pattern suggests Stroop effects can occur entirely after the response has been
initiated (i.e., during the response execution phase, see also Kello et al., 2000; Exp.2 for a
spillover of Stroop effect from response selection to response execution). These different
shortcomings of Zhang and colleagues’ models suggest in sum that the issue of loci of the
Stroop effect — that the present dissertation was aimed to adress — is still far from being

theoretically accounted for. Thus, more empirical and theoretical efforts are still needed.
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