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Abstract

Multi-stage accounts of Stroop effects suggest that Stroop effects result from different conflict and facilitation components.
Consistent with these accounts, Augustinova et al. reported evidence for task, semantic, and response components in
Stroop effects. They also investigated how vocal and manual responses impacted the magnitude of each of the conflict
and facilitation components. However, the role of phonological components in Stroop effects was not investigated in
their study. The impact of phonology on Stroop effects has been observed in several studies. However, these studies
did not investigate the role of different conflict/facilitation components in Stroop effects. To investigate the impact of
phonological components as well as task, semantic, and response components on Stroop effects, a vocal and manual
Stroop task was for the first time conducted with Chinese speakers using a design similar to that of Augustinova et al.
The data revealed only in the vocal Stroop task phonological conflict and facilitation, whereas semantic and response
conflicts were found with vocal and manual responses. Implications of the findings for response modality effects and the
measures of facilitation/conflict components are discussed.
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In Stroop’s (1935) original experiments, participants had
to name aloud the ink colour of incongruent colour words
(e.g., red in green colour) and neutral signs in different
colours. The neutral signs were used as a control condi-
tion. The difference in reaction times (RTs) between those
two conditions in this vocal Stroop task has been referred
to as Stroop interference. The study by Dalrymple-Alford
and Budayr (1966) was the first to include congruent col-
our words in the Stroop task. The difference in response
times between congruent colour word trials and neutral tri-
als is referred to as Stroop facilitation. Rather than respond-
ing in the Stroop task by naming the ink colour (vocal
Stroop task), participants can also response to the ink col-
our by pressing the corresponding keys (e.g., pressing the
B key for the colour RED; manual Stroop task).
Interestingly, it has been shown that the way you respond
in the Stroop task (vocal or manual) modifies Stroop
effects (White, 1969). This is known as the response
modality effect.

The response modality effect in terms of larger Stroop
interference or facilitation effects in vocal responses than
in manual responses has been reported in many studies
(Augustinova et al., 2019; Fennell & Ratcliff, 2019; Neill,
1977; Redding & Gerjets, 1977; Sharma & McKenna,
1998; Zahedi et al., 2019). To explain this response modal-
ity effect, Kinoshita et al. (2017) argued that vocal and
manual response modes in the Stroop task require different
mechanisms that contribute differently to Stroop effects
because the vocal Stroop task is a naming task, whereas
the manual Stroop task is a categorization task. The
modality effects can also be understood in terms of the
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broader discussion of stimulus-response (S-R) compatibil-
ity (Kornblum, 1992). In a vocal Stroop task, the stimulus
and the response are directly connected (e.g., RED written
with the ink colour red). In contrast, in a manual Stroop
task, pressing a response key is arbitrarily associated with
a particular colour. Thus, manual responses require an
extra step of S-R mappings that associate the colour of
words to the corresponding response keys.

The response modality effect is crucial for understand-
ing the mechanisms behind Stroop effects. Single-stage
accounts of Stroop effects (Klein, 1964; Roelofs, 2003)
explain the competition as exclusively taken place at the
response stage. The response competition is a goal-refer-
enced selection of verbal actions, rather than a “blind”
selection of responses that reach first (Roelofs, 2003).
Stroop interference, as Roelofs (2003) stated, “lies within
the language production system. Interference should
remain if lexical entries are needed to mediate a button-
press response” (p. 115). This assumes that the Stroop
interference occurs solely from response competition and
that the lexical processing of words and colours are not
influencing the task. Furthermore, according to Roelof’s
interpretation, the outcomes for vocal and manual
responses should be the same because response modality is
mediated by lexical entries, and lexical entries do not
affect the magnitude of the Stroop interference.

In contrast, multi-stage accounts of Stroop effects
(Augustinova & Ferrand, 2014; Neely & Kahan, 2001;
Schmidt & Cheesman, 2005; Sharma & McKenna, 1998)
argue that the locus of Stroop effects is different for vocal
and manual responses. These accounts assume that there
are multiple simultaneous sources of conflicts underlying
Stroop interference effects. When the semantic relation-
ship between words and colours becomes closer, it is more
difficult to name the colour words (i.e., stronger interfer-
ence effect). For example, colour-associated words like
SKY that are associated with a particular colour word
BLUE took longer to process than neutral words that are
not associated with a specific colour like SEAT. Klein
argued that the semantic gradient determines the amount
of response competition (or response conflict) that he
viewed as the unique driving force behind the Stroop
effect. However, Schmidt and Cheesman’s (2005) data
suggest that incongruent colour-associated words do not
result in response conflict. Furthermore, although the
meaning of SKY can trigger a vocal response other than
colour blue, this does not belong to the response set (e.g.,
blue, green, yellow) in a colour-naming Stroop task. Based
on the work of Klein (1964) and Neely and Kahan (2001),
Augustinova et al. (2018) used the semantic Stroop para-
digm to investigate Stroop interference effect as well as
response, semantic, and task conflicts.

Task conflict originated from the view that word read-
ing is automatic, whereas ink colour naming is not (see
MacLeod, 1991 for a detailed review of the automaticity

view). In the vocal Stroop, the relevant task is colour nam-
ing, and the irrelevant task is word reading. The tendency
to read words instead of naming the ink colour of words
produces task conflict (Goldfarb & Henik, 2006, 2007;
Kalanthroff et al., 2013). Therefore, using word stimuli
(e.g., colour words, colour-associated words, neutral
words) in the Stroop task leads to task conflict because of
the automaticity of word reading (MacLeod & Dunbar,
1988). However, it has also been argued that word reading
may not be automatic (Besner et al., 1997). Kinoshita et al.
(2018) argued that the automaticity of word reading cannot
be manipulated by endogenous control. They manipulated
the proportion of non-readable neutral trials (a row of #'s)
to change the level of attentional control. However, this
manipulation did not affect the magnitude of the semantic
Stroop effect (i.e., comparing incongruent colour-associ-
ated words with neutral trials).

To measure the magnitude of task conflict, Augustinova
et al. (2018) contrasted colour-neutral stimuli with a row
of X’s (e.g., XXXX). Neutral words were expected to trig-
ger word reading, whereas a row of X’s is unpronouncea-
ble and meaningless and would therefore not trigger word
reading (see Figure 1). Task conflict can also be explained
as the competition between whole task sets, which is in
addition to any specific competition between stimuli and
responses (S-R associations, Monsell et al., 2001; Parris
et al., 2023). Thus, task sets refer to the whole set of S-R
associations.

As illustrated in Figure 1, semantic conflict can be
measured by subtracting the RTs of incongruent colour-
associated words (e.g., SKY areen’ word SKY written in green
ink) from neutral words (e.g., DOG,,). Semantic conflict
is due to two competing incompatible semantic representa-
tions activated by word and the ink. Augustinova et al.
(2019) argued that colour-associated words do not activate
(pre)-motor responses linked to the associated colour
because the word SKY is not part of the response set,
whereas the word BLUE activates (pre-)motor responses
to BLUE. Therefore, the difference between incongruent
colour words and incongruent colour-associated words can
be used to measure response conflict, which refers to com-
petition between two possible motor responses.

Augustinova et al. (2018) observed strong semantic and
response conflicts in both the manual and vocal Stroop
tasks, whereas task conflict occurred only in the vocal
Stroop task. However, response modality was a between-
subject factor in their study. To compare those conflict
components in the manual and vocal Stroop tasks,
Augustinova et al. (2019) used a within-subject design in
their second experiment, which revealed that response and
semantic conflicts were present in both the vocal and man-
ual Stroop tasks. Task conflict, however, appeared only in
the vocal task. Furthermore, response and task conflicts
were stronger in the vocal than in the manual task (response
modality effect) due to a reduction of the contribution of
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Figure |. The subtractive logic of Stroop interference effects (adapted from the study by Augustinova et al., 2018). The colour

word in subscript that follows the stimulus written in italics indicates the ink colour of the stimulus (e.g., DOG

green refers to the

word DOG written in green ink). The task is to identify the ink colour either orally or manually.

response and task conflicts. In contrast, semantic conflict
was similar in both response modalities, so they did not
contribute to the response modality effect. These findings
suggested that Stroop effects are not solely due to response
competition as suggested by Roelofs (2003).

In addition to semantic, response, and task conflicts, the
role of phonological conflict in the Stroop task has also
been studied. Besner and Stolz (1998) included pseudo-
homophones of colour words: WRED, BLOO, YELEO,
GRENE in a manual Stroop task. The results revealed sig-
nificant Stroop interference effects for pseudo-homo-
phones relative to the baseline (xxxx) and neutral words,
indicating that the phonology is automatically activated in
the Stroop task. Further evidence was provided by Parris
et al. (2019) who used words with phonemic overlap at the
initial and end positions of colour words (e.g., RACK to
RED is initial phonemic overlap, CUD to RED is end pho-
nemic overlap) in both vocal and manual Stroop tasks.
Results confirmed the role of phonology in Stroop facilita-
tion. Furthermore, vocal responses resulted in greater
Stroop facilitation than manual responses. However, the
study by Parris et al. (2019) did not investigate the role of
phonology in Stroop interference and how it is potentially
modulated by response modality. Parris et al. (2023) found
phonological facilitation with manual responses. Even
though simple-onset words (e.g., RED/PURPLE, words
with a single consonant followed by a vowel) and com-
plex-onset words (e.g., GREEN/BLUE, words with two or
more consonants) share the same level of orthographic
similarity, stronger facilitation effects were observed with
complex-onset words than simple ones. This shows the
effect of onset complexity on Stroop facilitation.

Parris et al. (2022) argued that measuring phonological
conflicts using pseudo-homophones may be confounded

by orthographic overlap with the base words (e.g., BLOO
vs. BLUE). Thus, to avoid this confound, it would be best
to use heterographic homophones with no orthographic
overlap to investigate phonological conflict. However,
there are only a few heterographic homophones or pseudo-
homophones in English and other alphabetic languages. In
contrast, there are abundant homophones in other lan-
guages. For example, Chinese has many homophones of
the colour word green “£4%” (pronounced as /1{i/), which
have completely different meanings and orthography: “
F&” (consider), “#” (restrain), “3%” (rate), “JE€” (filter),
and so on. Thus, in a language with plenty of homophones,
such as Chinese, phonological conflict in the Stroop task
can be studied without the confound of orthography.

The Stroop paradigm used by Augustinova et al. (2018)
can be extended with additional conditions to also investi-
gate effects of phonology. Figure 2 illustrates Stroop con-
ditions based on Chinese stimuli that can be utilised to
investigate the different components of Stroop interfer-
ence and facilitation. Comparisons between the different
conditions make it possible to investigate conflict and
facilitation components. Task conflict can be measured by
the RT difference between neutral words and neutral signs
because neutral signs do not involve word reading, whereas
neutral words trigger word reading. Colour-associated
words can activate the semantic representation of colour
words, which neutral words do not; thus, leading to seman-
tic conflict and facilitation (see Dalrymple-Alford, 1972,
who first showed facilitation with congruent colour-asso-
ciated words). The RT difference between colour-associ-
ated words and homophones in Chinese is assumed to
measure phonological activation resulting for incongruent
conditions in phonological conflict and for congruent con-
ditions in phonological facilitation. In Chinese,
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Figure 2. Decomposed Stroop conflict/facilitation components with Chinese characters. The red arrows refer to conflict
components, and the orange arrows refer to facilitation components.

homophones of colour words activate the phonology of
colour words. However, this phonological activation is
assumed to also activate the semantics of colour words
because otherwise there would be no impact on Stroop
performance. Therefore, this is indicated as properties of
the conditions (see Figure 2). The difference between col-
our-associated words and homophones is phonological
conflict. Similarly, it is assumed that response conflict and
facilitation should be measured by contrasting homo-
phones with colour words.

Some of the conditions illustrated in Figure 2 have been
used in previous Stroop research with Chinese words.
Spinks et al. (2000) used Chinese homophones and colour-
associated Chinese characters to investigate the role of
phonology and semantics in a vocal Stroop task. The
experimental design was very similar to that of Augustinova
et al. (2018, 2019). However, unlike Augustinova et al.,
Spinks et al. did not distinguish between task, response,
semantic, and phonological conflicts. The impact of pho-
nology in the manual Stroop task with Chinese characters
was also investigated in an Event-Related Potentials
(ERPs) study by Wang et al. (2010). The stimuli in this
study consisted of colour characters, colour-associated
characters, homophones, and neutral characters. The size
of each Stroop component was estimated using the means
provided in the studies by Spinks et al. (2000) and Wang
et al. (2010) because the data in these studies were not ana-
lysed in terms of Stroop conflict and facilitation compo-
nents. The numerical differences suggest phonological
facilitation with both vocal and manual responses (12 and
36ms) with Chinese homophones, but no phonological
conflict (vocal Stroop: —1 ms, manual Stroop: —7ms).

Stroop studies with Chinese stimuli have explored pho-
nological components using homophones (Spinks et al.,
2000; Wang et al., 2010). However, these studies did not

decompose Stroop effects into distinct components; there-
fore, the magnitude of those phonological components
remains unknown. Most importantly, as far as we are
aware, no Stroop studies with Chinese have used a within-
subject design to study vocal and manual responses in the
Stroop task.

Present study

This study investigates for the first time the role of phono-
logical conflict and phonological facilitation in a vocal and
manual Stroop task with Chinese stimuli. The findings will
be compared with those of Augustinova et al. (2019) who
investigated task, semantic, and response conflicts in an
alphabetic language (French). Semantic conflict as meas-
ured by subtracting responses to incongruent colour asso-
ciates from colour-neutral words was not affected by
response modality in Augustinova et al. (2019). However,
task conflict and response conflict measured in the same
study resulted in a smaller effect for manual responses
than for vocal responses (i.e., response modality effect).
Task and response conflicts in the current study are
expected to be similar to those in the study by Augustinova
et al. (2019) because these are not expected to be language
specific. Phonological conflict as measured by the differ-
ence between responses to incongruent homophones and
those to incongruent colour associates are expected to be
larger in vocal than in manual responses because vocal
responses require the explicit activation of phonological
representations. Augustinova et al. (2019) did not find that
semantic facilitation was affected by response modality,
but response facilitation was affected; therefore, a similar
pattern is expected in the present study.

Data will be analysed using a mean RT analysis and a
distributional analysis. The mean RT analysis will be
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Source. Adapted from Roelofs et al. (2011).

conducted using generalised linear mixed-effect models
(GLMMs). An advantage of using GLMMs rather than lin-
ear mixed-effect models (LMMs) is that it allows assess-
ing raw RTs without transforming the data (Lo & Andrews,
2015) and selecting a distribution (e.g., Gamma or Inverse
Gaussian) that fits raw RTs better than the normal
(Gaussian) distribution used in LMMs.

Distributional analysis can capture the dynamics of
attentional control that are likely to be lost when analysing
only the mean RTs. It has been argued that the effects of
attentional inhibition are greatest at the tail of the RT dis-
tribution (Bub et al., 2006; Ridderinkhof et al., 2005;
Roelofs et al., 2011; Sharma et al., 2010). Delta plots will
be created, which are useful for investigating the impact of
experimental manipulations across the entire RT distribu-
tion (Ridderinkhof et al., 2005; Roelofs et al., 2011) and
reflect “the effect of an experimental factor tends to
increase as a function of RT” (Roelofs et al., 2011, p. 2).
The effects are stronger for long RTs than for short RTs.
They can be directly derived from cumulative density
functions (i.e., quantile plots). Figure 3 shows the possible
interpretation of reaction distribution effects in the Stroop
task by Roelofs et al. (2011). Inhibition refers to active/
willed inhibition as defined by Aron (2007), which sup-
presses the irrelevant response, stimulus, or memory. In
the vocal Stroop task, inhibition takes place when word
information is suppressed to name the ink colour of the
words. In a manual Stroop task, inhibition resolves the
competition between the irrelevant word recognition task
and the relevant colour-matching task. When this rationale
is applied to the Stroop interference effect, an upwards

trend in the delta plot shows that interference increases
with slower RTs, implying that no inhibition is applied to
resolve the conflict between the incompatible word and
colour information. A levelling-off curve indicates that
weak inhibition is preventing the interference from grow-
ing larger, while a downwards trend shows strong inhibi-
tion in cognitive control leads to decrease in interference.
Positive slopes in delta plots are often reported in the
Stroop task (Bub et al., 2006; Pratte et al., 2010; Roelofs
et al., 2011; Scaltritti et al., 2022), which are interpreted
in terms of the absence of inhibition to resolve the con-
flicts between colour and word information. Several
studies (Labuschagne & Besner, 2015; Scaltritti et al.,
2022; Sulpizio et al., 2022, 2024) reported positive trends
in a semantic Stroop task (comparing colour-associated
words to neutral words, which measures semantic con-
flict in the same way as Augustinova & Ferrand, 2014).
Hasshim et al. (2019) examined both response and
semantic conflicts using distributional analyses and
found that response conflict takes place earlier than
semantic conflict. Martinon et al. (2024) also observed an
absence of semantic conflict in faster responses. Here we
investigate the contribution of phonological components,
measured using Chinese homophones, along with
response, semantic, and task components in both Stroop
interference and facilitation. By separating the effects of
each component in the delta plot, it is possible to deter-
mine which component has largest influence on the over-
all Stroop effect. Based on previous literature, we predict
that semantic conflict would show a positive linear trend
in both response modalities. Phonological conflict on the
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Table 1. Stimuli used in this study.

Condition Character Meaning Pronunciation
Colour words

% green N/

® yellow /huang/

Z blue Nan/
Associated Colour words

¥ grass Icdol

on golden fiin/

X sky [tian/
Homophone words

& ponder G/

2 emperor /huang/

I8 mist /lan/
Colour-Neutral words

i pass through /guan/

% prize ljiang/

F:3 charcoal [tan/

other hand is expected to contribute to Stroop interfer-
ence only in vocal responses.

Methods

Participants

Forty participants were recruited from the University of
Nottingham, UK (mean age=24.68, range=21-33,
females=29). All were native speakers of Chinese from
mainland China. Participants had normal or corrected-to-
normal vision. All participants signed an informed consent
form prior to data collection and received an inconven-
ience allowance for participating in the experiment. The
experiment was approved by the ethics committee at the
School of Psychology, University of Nottingham.

Stimuli and design

The stimuli were adapted from the study by Spinks et al.
(2000). Only the colour words green, yellow, and blue
were included in the experiment because the colour red (/
héng/) and yellow (/huang/) used by Spinks et al. (2000)
are pronounced very similarly. Although the number of
colours used reduced from four to three, it falls within the
recommended number of words/colours (between three to
five) by MacLeod (2005). The control character % (/hud/,
magnificent) was changed to 7% (/tan/, charcoal) because
its pronunciation alliterates with the colour yellow (/
huang/).

The following character types were included in the
task: colour-characters, colour-associated words, and
homophones. The colour-character condition contained
characters that referred directly to colours (e.g., “4¢,” /Ii/,
meaning “green”). The colour-associated condition

consisted of characters that are associated with the colour
word (e.g., “H,” /cio/, “grass” is associated with the col-
our green). The homophones condition consisted of char-
acters with the same pronunciation as colour words (e.g., «
5,7 i/, “consider” is pronounced the same as “£%,” /1ii/,
“green” but has a completely different meaning). Table 1
presents the stimuli used in this study. Detailed linguistic
properties of these stimuli can be found in the online
Supplementary Material A.

Each character type was either congruent (e.g., BLUE
surrounded by blue rectangle) or incongruent (e.g., BLUE
surrounded by green rectangle). The reason for choosing
separate presentation of word and colour information
instead of integrated (i.e., BLUE presented in blue colour)
was to control the amount of colour information in each
stimulus, so that the number of strokes of each character
would not impact the region being coloured (e.g., %
[green] has more strokes than K [sky]; thus it would
receive more colour information). Neutral words were
matched with character stimuli in terms of frequency and
stroke count. The neutral sign was a percent sign (%) that
had the same length as a one-word character.

The experiment used an 8 (stimulus type: colour-char-
acter incongruent, colour-character congruent, colour-
associated incongruent, colour-associated congruent,
homophone-incongruent, homophone-congruent, neutral
word, neutral sign) X 2 (response modality: vocal, man-
ual) within-subject design. The order of the two response
modalities was counterbalanced across participants. There
were 48 trials in each condition. In total, there were 384
trials in each response modality (768 trials for each partici-
pant), and these were divided into eight blocks of 48 trials.
In each block, each condition was repeated twice (8 condi-
tions X 3 colours X 2 repetitions=438 trials).

As suggested by Brysbaert and Stevens (2018), a mini-
mum of 1,600 observations per condition is recommended
for a well-powered repeated-measure study. The present
experiment exceeds this recommendation because there
are 1,920 observations in each condition and each response
modality (40 participants X 8 blocks X 6 trials).

Procedure

The stimuli were presented on a 24-inch LCD monitor
(refresh rate: 120 Hz) using DMDX software (Forster &
Forster, 2003). The stimuli were presented in black (RGB:
0,0,0), surrounded by a grey square (RGB: 204,204,204),
and with a colour-filled rectangle representing one of three
colours: green (RGB: 0,255,0), yellow (RGB: 240,240,0),
and blue (RGB: 0,11,255). The background colour was
also set to grey (RGB: 204,204,204). Characters presented
on the screen used the Kai font (#444). A fixation dot “e”
(RGB: 0,0,0) was used because strokes of some Chinese
characters may overlap with the “+” sign (e.g., the charac-
ter “Hi” and “5” contain cross or cross-like strokes).
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Participants were tested individually in a dimly lit
room. They were asked to either name the ink colour of the
characters (vocal Stroop task) or press the key on the key-
board that corresponded with the correct ink colour of the
characters presented on the screen (manual Stroop task). In
vocal response modality, a microphone with a voice key
was used to measure the naming response latencies and to
record the naming response. The accuracy and latencies of
responses were subsequently checked wusing the
CheckVocal programme (Protopapas, 2007). In manual
response modality, each colour (green, yellow, and blue)
was associated with keys 1, 2, and 3 on the numeric key-
pad of the keyboard which had stickers indicating the col-
our. Participants were instructed to use the index finger to
press the green key (1) when the ink was green, the middle
finger to press the yellow key (2) when the ink was yellow,
and to use the ring finger to press the blue key (3) when the
ink colour of the stimulus was blue. The order of conduct-
ing the task with vocal or manual responses was counter-
balanced across participants. In each trial, a fixation dot
was shown for 500ms, followed by a blank screen for
300ms. The target character then appeared on the screen
for a maximum of 3,000ms or until the participant
responded. Characters disappeared as soon as the partici-
pant responded. There was an intertrial interval of
1,000 ms. For the vocal Stroop task, participants first con-
ducted 32 practice trials. For the manual Stroop task, 128
neutral signs were used as key-matching practice trials to
train participants in the key-colour correspondences
(Augustinova et al., 2019; MacLeod, 2005).

Results

Incorrect responses were discarded (3.27%) for the
response time analyses. RTs below 200ms and above
1,500 ms were also discarded before the analyses (0.73%).

Correct responses were then analysed using GLMMs
analyses in R Statistical Software (v4.3.2; R Core Team,
2021) using the packages lme4 (v1.1-35.1; Bates et al.,
2015), emmeans (v1.8.9; Lenth, 2023), and ImerTest
(v3.1-3; Kuznetsova et al., 2017). The fixed-factor stimu-
lus type was coded using simple coding with the neutral
trials as the baseline. The fixed-factor response modality
(manual vs. vocal) was coded using sum coding (—0.5,
0.5). Colour was entered as a covariate to the model, to
account for addition variance, and not as a random factor
because the number of levels (3: green, yellow, blue) is
below 5 (see Bolker, 2015; Bolker et al., 2009). Colour
was coded using sum coding.

First, three models with no fixed structure were con-
structed using three different types of distributions
(Gaussian, Inverse Gaussian, and Gamma). The models
were compared in R (v4.3.2; R Core Team, 2021) using the
compare performance function provided by the
Performance package (v0.10.8; Liidecke et al., 2021). The

compare performance function provides performance
scores for each model based on AIC (Akaike’s Information
Criterion, Akaike, 1973), AICc (second-order variant of
AIC, Hurvich and Tsai, 1989), and BIC (Bayesian
Information Criterion, Akaike, 1978a, 1978b; Schwarz,
1978) indices. All indices are normalised, and the mean
value of all indices in each model was calculated for the
performance score. Results showed that a model based on
an Inverse Gaussian distribution had the highest perfor-
mance scores among the three.

Next, a full GLMM was constructed using inverse
gaussian distribution:

glmer(RT ~ stimulus_type * response modality + colour +
(1+ stimulus_type * response modality|subject), family =
inverse.gaussian(link = “identity”), control=glmerControl(o
ptimizer="bobyqa,” optCtrl=list(maxfun=2e5)))

However, this full model did not converge, and the random
structure was simplified until the model successfully con-
verged. The final model:

glmer(RT ~ stimulus_type * response_modality + colour + (1]
subject), family = inverse.gaussian(link = “identity”), control=g
ImerControl(optimizer="bobyqa,” optCtrl=list(maxfun=2¢5)))

A summary of the final model can be found in the online
Supplementary Material B. Main effects of stimulus type
and response modality were obtained (stimulus type:
x*(7)=913.57,p <.001;response modality: ¥(1)=29.139,
p<<.001), as well as the interaction between the two
(x*(7)=123.72, p<.001). Next, planned comparisons
were conducted using the emmeans package (v1.8.9;
Lenth, 2023) to investigate Stroop interference and Stroop
facilitation for each of the components. p-Values were
corrected using Holm-Bonferroni correction (Holm,
1979).

Table 2 provides a summary of the descriptive statistics
and the decomposition of each interference and facilitation
components presented in Table 3.

Mean RT analysis

Stroop interference. Strong Stroop interference effects (rel-
ative to neutral signs) occurred in both vocal and manual
responses (vocal: M=95ms, SE=4.85ms, z=19.568,
p<.001; manual: M=51ms, SE=4.39ms, z=11.623,
p<<.001). The distinct conflict components were all sig-
nificant in both response modalities except for phonologi-
cal conflict. Response conflicts were significant in both
vocal (M=39ms, SE=4.42ms, z=8.749, p<.001) and
manual responses (M=29ms, SE=4.25ms, z=6.799,
p<<.001). Phonological conflict was significant in vocal
(M=16ms, SE=4.30ms, z=3.80, p <.01) but not in man-
ual responses (M=—1ms, SE=4.04ms, z=-0.227, p=1).
Semantic conflicts were significant in both vocal
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Table 2. Mean reaction times (RT, in milliseconds), error
rates (ER, %), and standard errors (SE, in parentheses) of each
stimulus type in the vocal and manual tasks.

Stimulus type (examples) Vocal Manual
Colour-Incongruent RT (SE) 680 (6.57) 636 (6.54)
words

i (BLUEgreen) ER (SE) 8.28(0.63) 5.36 (0.51)
Associated Colour- RT (SE) 625 (6.41) 608 (6.62)
Incongruent words

R (SKYgreen) ER (SE) 1.77 (0.30) 3.85 (0.44)
Homophone-Incongruent  RT (SE) 641 (6.33) 607 (6.33)
words

Ky (MISTgreen) ER (SE) 6.25 (0.55) 4.22 (0.46)
Colour-Neutral words RT (SE) 593 (5.95) 585 (5.92)
#. 5 (PRIZEgreen) ER (SE) 1.25(0.25) 3.18 (0.40)
Colour-Neutral signs RT (SE) 585 (6.63) 585 (6.56)
%, (%green) ER (SE) 1.20 (0.25) 4.06 (0.45)
Colour-Congruent words  RT (SE) 571 (6.29) 583 (6.48)
i (BLUEblue) ER (SE) 0.78 (0.20) 2.81 (0.38)
Associated Colour- RT (SE) 602 (6.47) 586 (6.34)
Congruent words

Ry (SKYblue) ER (SE) 1.77 (0.30) 2.92 (0.38)
Homophone-Congruent RT (SE) 570 (6.47) 583 (6.22)
words

e (MISTblue) ER (SE) 0.52 (0.16) 4.06 (0.45)

(M=32ms, SE=3.55ms, z=8.934, p<.001) and manual
responses (M=23ms, SE=3.36ms, z=6.817, p<<.001).
Task conflicts were not significant either in vocal or man-
ual responses (vocal: M=8ms, SE=3.82ms, z=2.126,
p=.436; manual: M=0ms, SE=3.48ms, z=0.028, p=1).

The overall Stroop Interference (relative to neutral
signs) was larger in vocal than in the manual Stroop tasks
(M=44ms, SE=6.07ms, z=7.219, p<<.001). Further
analyses revealed that phonological conflict was larger in
vocal than in manual responses (M=17ms, SE=5.32ms,
z=3.244, p<.05), but not in other conflict components
(response conflict: M=10ms, SE=5.39ms, z=1.806,
p=.284; semantic conflict: M=9ms, SE=3.99ms,
z=2217, p=.15; task conflict: M=8ms, SE=4.52ms,
z=1.773, p=.284).

Stroop facilitation. Stroop facilitation effects (relative to
neutral words) were significant in the vocal Stroop task
(M=22ms, SE=3.16ms, z=6.925, p<<.001), but not in
the manual Stroop task (M=2ms, SE=3.17ms, z=0.552,
p=1). In fact, only phonological facilitation in the vocal
Stroop task was significant (M=32ms, SE=3.76ms,
z=8.614, p<.001). Semantic facilitation showed a trend
for a negative effect in the vocal Stroop task, M=—9ms,
SE=3.23ms, z=-2.736, p=.087.

Overall, Stroop facilitation (relative to neutral words)
was larger in vocal than in manual Stroop tasks (M=20ms,
SE=3.71ms, z=5.46, p<.001). Further analysis of each
facilitation component revealed that phonological

facilitation was significantly larger in vocal than in manual
responses (M=30ms, SE=4.81ms, z=6.246, p <.001).

Error analysis. The error analysis started with the full
model, which failed to converge:

glmer(Error ~ stimulus_type * response_modality + colour
+ (1 + stimulus_type * response modality|subject), family
= binomial, control=glmerControl(optimizer”"bobyq™", opt
Ctrl=list(maxfun=2¢5)))

The random structure of the full model was reduced until it
successfully converged:

glmer(Error ~ stimulus type * response modality + colour +
(1 |subject), family = binomial, control=glmerControl(optim
izer”"bobyq™", optCtrl=list(maxfun=2¢5)))

Main effects of stimulus type and response modality were
obtained (stimulus type: x2(7)=241.01, p <.001; response
modality: ¥%(1)=29.296, p <.001), as well as the interac-
tion between the two (¥%(7)=149.3, p<<.001). Next,
planned comparisons were conducted to investigate Stroop
interference and Stroop facilitation for each of the
components.

Stroop interference. For vocal responses, error rates were
significant for Stroop interference effects and phonological
conflicts but not for other conflict components (Stroop
interference: M=2.04%, SE=0.22%, z=9.09, p<<.001;
phonological conflict: M=1.33%, SE=0.20%, z=6.76,
p <<.001; response conflict: M=0.31%, SE=0.13%,z=2.47,
p=.50; semantic conflict: M=0.36%, SE=0.27%, z=1.34,
p=1; task conflict: M=0.04%, SE=0.29%, z=0.15, p=1).
For manual responses, none of error rates were significant
for Stroop interference and its conflict components (Stroop
interference: M=0.30%, SE=0.15%, z=1.93, p=1; phono-
logical conflict: M=0.10%, SE=0.16%, z=0.58, p=1,
response conflict: M=0.26%, SE=0.15%, z=1.69, p=1;
semantic conflict: M=0.20%, SE=0.18%, z=1.16, p=1,
task conflict: M=0.26%, SE=0.17%, z=1.49, p=1).

Stroop facilitation. For vocal responses, error rates were
significant for phonological facilitation but not for other
facilitation —components (phonological facilitation:
M=1.24%, SE=0.36%, z=3.46, p=.02; Stroop facilita-
tion: M=0.48%, SE=0.33%, z=1.46, p=1; response facil-
itation: M=0.41%, SE=0.41%, z=1.01, p=1; semantic
facilitation: M=0.37%, SE=0.27%, z=1.34, p=1).

For manual responses, none of the error rates were sig-
nificant for Stroop facilitation and facilitation components
(Stroop facilitation: M=0.13%, SE=0.19%, z=0.67, p=1,
phonological facilitation: M=0.35%, SE=0.18%, z=1.96,
p=1; response facilitation: M=0.39%, SE=0.18%, z=2.15,
p=.98; semantic facilitation: M=0.09%, SE=0.19%,
z=0.48, p=1).
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Table 3. Stroop effects (in milliseconds) observed with vocal and manual responses.

Stroop-like effects Vocal Manual RME
Stroop Interference (Colour-Incongruent—Colour-Neutral Signs) RT diff. 95Hkk > 5[k 4410k
Response Conflict (Colour-Incongruent—Homophone-Incongruent) RT diff. 39kk 29%k* 10
Phonological Conflict (Homophone-Incongruent—Associated-Incongruent) RT diff. 6% > =1 17%
Semantic Conflict (Associated-Incongruent—Colour-Neutral Words) RT diff. 32wk 23%kk 9
Task Conflict (Colour-Neutral Words—Colour-Neutral Signs) RT diff. 8 0 8
Stroop Facilitation (Colour-Neutral Words—Colour-Congruent) RT diff. 22%Fk > 2 207
Response Facilitation (Homophone-Congruent—Colour-Congruent) RT diff. -2 0 2
Phonological Facilitation (Associated-Congruent—Homophone-Congruent) RT diff. 3k > 2 307k
Semantic Facilitation (Colour-Neutral Words—Associated-Congruent) RT diff. -9+ -1 -8

RME: response modality effect; RT diff.: reaction time differences.
*Ep <0015 #Fp < .01; *p<.05; “p<.10.

Distributional analysis

The RTs of each subject for each condition were rank
ordered and divided into five quintiles. For each quintile in
each condition, the mean RT was calculated. The delta
plots for each conflict and facilitation components were
obtained by computing the RT differences between each
condition as described in the mean RT analysis (e.g., pho-
nological conflict was calculated by subtracting RTs to
incongruent homophones from those to incongruent col-
our-associated words).

Stroop interference. Distributional analyses were con-
ducted to investigate the RT distribution of each conflict/
facilitation component and how they contribute to the
overall Stroop interference/facilitation effects across dif-
ferent quantiles. Delta plots and the contribution of each
component towards overall Stroop interference (%) based
on untrimmed data for Stroop interference effects in vocal
and manual responses are presented in Figures 4 and 5.

Analyses were separated for vocal and manual
responses. Then, a series of one-way analyses of variance
(ANOVAs) were conducted for each conflict component in
vocal and manual responses, where the dependent variable
is the delta value calculating each component in each
quantile (e.g., the delta value for semantic conflict is the
RT difference between neutral word and incongruent col-
our-associated words). The independent variable is the
five quantiles. To assess the trend of each component
within five quantiles, the quantile variable is fitted using
orthogonal polynomial contrast, which can then reflect the
linear and quadratic trends for each condition.

For vocal responses, the delta plots for response, pho-
nological, and semantic conflicts revealed positive linear
trends (response conflict: F(1, 195)=18.365, p<<.001,
d=0.68; phonological conflict:  F(1,195)=22.228,
p<.001, d=0.75; semantic conflict: F(1,195)=50.332,
p<.001, d=1.12), and no quadratic trends (response con-
flict: F(1,195)=1.44, p=.232, d=0.19; phonological con-
flict: £(1,195)=0.01, p=.922, d=0.02; semantic conflict:

F(1,195)=1.539, p=.216, d=0.20). The delta plot for task
conflict revealed no linear component (#(1,195)=1.682,
p=.196, d=0.21) nor a quadratic component
(F(1,195)=0.02, p=.887, d=0.02).

For manual responses, the delta plots for semantic con-
flict showed positive linear trends (F(1,195)=5.537,
p=.02, d=0.37) and no quadratic trend (F(1,195)=1.517,
p=.22, d=-0.19). The delta plot for response conflict
revealed a positive linear trend (F(1,195)=26.232, p <.001,
d=0.81), as well as a quadratic trend (F(1,195)=4.757,
p=.03, d=0.34). The delta plot for phonological conflict
revealed no linear component (F(1,195)=1.627, p=.204,
d=0.20) and no quadratic component (F(1,195)=0.038,
p=.845,d=0.03). The delta plot for task conflict revealed a
trend towards a linear component (F(1,195)=3.237,
p=.074, d=0.28) but no quadratic component (F(1,
195)=1.185, p=.278, d=0.17).

Stroop facilitation. Delta plots and the contribution of each
component towards overall Stroop facilitation (%) based
on untrimmed data for Stroop facilitation effects in vocal
responses are presented in Figure 6.

A series of one-way ANOVAs were performed for each
facilitation component in vocal and manual responses sep-
arately. For vocal responses, the delta plot for phonologi-
cal facilitation revealed a positive linear trend
(F(1,195)=36.731, p<.001, d=0.96) and a trend towards
a quadratic trend (F(1,195)=2.879, p=.091, d=0.27),
whereas the delta plot for semantic facilitation showed a
negative linear trend (F(1,195)=17.457, p<.001,
d=-0.67) and a trend towards a quadratic trend
(F(1,195)=2.791, p=.096, d=—0.26). The delta plot for
response  facilitation showed no linear trends
(F(1,195)=2.921, p=.089, d=—0.27) and no quadratic
trends (F(1,195)=0.433, p=.511, d=—0.10).

For manual responses, the delta plots for all facilitation
components revealed no linear trends (semantic facilita-
tion: F(1,195)=1.003, p=.318, d=0.16; phonological
facilitation: F(1,195)=0.464, p=.496, d=0.11; response
facilitation: F(1,195)=0.169, p=.682, d=—0.06), and no
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Figure 4. Quantile plots (a) and delta plots (b) for Stroop interference effects in vocal responses. Error bar stands for standard

error (SE) for each quantile.

quadratic trends (semantic facilitation: F(1,195)=1.556,
p=.214,d=0.20; phonological facilitation: #(1,195)=0.01,
p=.909, d=0.02; response facilitation: F(1,195)=0.002,
p=.963, d=-0.01).

Discussion

The present study investigated the distinct components of
Stroop interference and facilitation using Chinese charac-
ters with both vocal and manual responses. Overall, vocal
responses resulted in stronger Stroop interference than
manual responses. This response modality effect is con-
sistent with what has been reported in the literature (e.g.,
Augustinova et al., 2019; Fennell & Ratcliff, 2019; Neill,
1977; Redding & Gerjets, 1977; Sharma & McKenna,
1998; Zahedi et al., 2019). In contrast, Stroop facilitation
was found in vocal responses but not in manual responses,
which is inconsistent with the findings in French reported
by Augustinova et al. (2019). The absence of Stroop facili-
tation effects in the current study could be due to the

separate presentation of the word and colour information
compared to an integrated presentation (word written
using congruent or incongruent ink colour), as MacLeod
(1998) reported smaller Stroop interference and facilita-
tion when using separate presentation instead of an inte-
grated presentation.

In terms of the distinct components of Stroop interfer-
ence, the data revealed semantic and response conflicts in
both response modalities, whereas phonological conflict
was only found with vocal responses. Surprisingly, task
conflict, as measured by a response time difference
between neutral signs (triggering only a single task: colour
identification) and neutral words (triggering two possible
tasks: word reading and colour identification), was not
found in both the vocal and manual Stroop task. There was
also no evidence of semantic and response facilitation in
both response modalities. Importantly, phonological facili-
tation was found with vocal responses but not with manual
responses. Thus, the present study found evidence for dis-
tinct components of Stroop interference and facilitation
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Figure 5. Quantile plots (a) and delta plots (b) for Stroop interference effects in manual responses. Error bar stands for standard

error (SE) for each quantile.

with Chinese stimuli, consistent with the findings of
Augustinova et al. (2019) with French stimuli. There are,
however, some important differences between the two
studies that will be discussed below in detail when discuss-
ing each of the conflict and facilitation components.

Response conflict

Response conflict refers to the competition between two
different incompatible (pre-)motor responses triggered
by a stimulus, e.g., a colour-incongruent word. However,
a colour-incongruent word also triggers semantic con-
flict (incompatible semantic information from the word
and from the ink colour). To disentangle response con-
flict from semantic conflict, different methods have
been used in the literature. For example, studies have
measured response conflict by subtracting RTs to col-
our-incongruent words from those to incongruent col-
our-associated words because the latter words only
trigger semantic conflict and not response conflict
(Schmidt & Cheesman, 2005), whereas the latter

triggers both. This subtractive approach isolates
response-based conflict from semantic conflict
(Augustinova et al., 2019; Augustinova & Ferrand,
2014; Ferrand & Augustinova, 2014).

Alternatively, studies have used an experimental para-
digm (2:1 paradigm) in which colour information of two
different colours is mapped to either the same response or
to two different responses so that response conflict is only
present in the different-response condition (Schmidt &
Cheesman, 2005; Shichel & Tzelgov, 2018). Response
conflict is then measured by subtracting RTs to different-
response trials from those to same-response trials. Studies
that used the 2:1 paradigm (Burca et al., 2021, 2022;
Martinon et al., 2024) found direct support for semantic
conflict that was independent from response conflict. This
is because semantic conflict is measured as the RT differ-
ence between same-response trials and colour-neutral tri-
als. Such a measure of semantic conflict is independent of
response conflict because response conflict is measured as
the RT difference between same- and different-response
trials.
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Figure 6. Quantile plots (a) and delta plots (b) for Stroop facilitation effects in vocal responses. Error bar stands for standard

error (SE) for each quantile.

The present study included Chinese colour word homo-
phones that do not overlap in orthography with colour
words (unlike homophones in alphabetic language).
Homophones made it possible to measure response con-
flict without phonological conflict by subtracting response
times of incongruent colour words (incompatible phonol-
ogy and response) from those of incongruent homophones.
The latter trials activate incompatible phonology but not
incompatible responses (no response conflict) because the
orthography of the homophone and associated meaning is
not in the response set.

The present study revealed response conflict in the
Stroop task with vocal and manual responses. Furthermore,
the amount of conflict was not significantly different (no
response modality effect). In contrast, Augustinova et al.
(2019) reported a response modality effect for response
conflict because the conflict with vocal responses was sig-
nificantly larger than that with manual responses. However,
as mentioned earlier, Augustinova et al. used a different
definition of response conflict compared to that in the

present study. In Augustinova’s study, response conflict
was defined as the RT difference between incongruent col-
our words and incongruent colour-associated words,
whereas in the current study, response conflict was defined
as the RT difference between incongruent colour words
and incongruent homophones. When response conflict was
calculated in the present study in the same way as in the
study by Augustinova et al., a modality effect was found,
and just as in the study by Augustinova et al., the amount
of response conflict in the vocal Stroop task was about
twice that of the response conflict in the manual Stroop
task (see Table 4).

The findings of the present study therefore suggest that
the modality effect in response conflict observed by
Augustinova et al. (2019) was potentially driven in part by
phonological conflictin the vocal Stroop task. Alternatively,
it could be argued that the response conflict observed in
the current study is in fact reflecting reduced semantic
activation. Thus, it reduced response conflict in the incon-
gruent homophone condition relative to the incongruent
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Table 4. Conflict components of Stroop interference comparing the current study and Augustinova et al. (2019) in both vocal and

manual tasks.

Conflict components

French
(Augustinova et al., 2019)

Chinese
(present study)

Vocal Manual  Vocal Manual
Semantic Conflict (Associated-Incongruent—Colour-Neutral Words) 32wk 23%kk 23%kk | g¥¥*
Phonological Conflict (Homophone-Incongruent—Associated-Incongruent) | 6%* > -l
Response Conflict® (Colour-Incongruent—Homophone-Incongruent) 39wk 294Fk
Response Conflict® (Colour-Incongruent—Associated-Incongruent) 55k > 28FkE 10 | > 507
Task Conflict (Neutral Words—Neutral Signs) 8 0 44k > 5

2Response conflict as defined in the present study.
PResponse conflict as defined by Augustinova et al. (2019).
FEp <0015 #p <.0l.

condition. Both conditions activate the phonology and
semantics of the colour word; however, in the homophone
condition, the activation of semantics is due to phonologi-
cal mediation and therefore weaker. This would explain
the absence of a modality effect in the response conflict.

Augustinova et al. (2019) used the comparison between
incongruent colour trials (e.g., BLUE in green) and incon-
gruent colour-associated trials (e.g., SKY in green) as their
measure of response conflict. The associated trials have
indirect access to the semantic and phonological compo-
nents of the related response option (e.g., SKY indirectly
activates the concept blue and the phonology of blue). In
contrast, incongruent colour trials directly activate these
components. Thus, the difference between these two trial
types is the amount of semantic information, and semanti-
cally-mediated phonological information of the incongru-
ent response is activated. The definition of response
conflict used in the present study and that in the study by
Augustinova et al. are different as they measure different
contributors to response conflict.

Response facilitation

Response facilitation was defined in the present study as
the RT difference between congruent colour words and
congruent homophones. No evidence for response facilita-
tion was found in the vocal and manual Stroop task. In
contrast, with French stimuli, Augustinova et al. (2019)
found strong response facilitation with vocal but not with
manual responses. However, response facilitation was
defined differently in Augustinova’s study (the RT differ-
ence between congruent colour words and congruent col-
our-associated words). Using this definition, the present
study also revealed strong response facilitation with vocal
responses and no response facilitation with manual
responses. In fact, the difference observed match those
reported by Augustinova et al. closely (31 vs. 2ms in the
present study, and 39 vs. 7ms in the study by Augustinova
et al., see Table 5). Thus, the present study suggests that

response facilitation in the vocal Stroop as reported by
Augustinova’s study could in part have been driven by
phonological facilitation (i.e., overlap in the pronunciation
between the colour word and the coloured rectangle).

A numerical 36-ms response facilitation was observed
with vocal responses in the study by Spinks et al. (2000),
but not with manual responses in the study by Wang et al.
(2010). In both studies, response facilitation was defined
in the same way as in the study by Augustinova et al.
(2019). Thus, the effect in the vocal Stroop task could also
have been driven by phonological facilitation in the vocal
Stroop task and not in the manual task. Therefore, the
modality effect observed with response facilitation might
also be due to phonological facilitation with vocal
responses.

Semantic conflict/facilitation

Semantic conflict was measured in the present study by
subtracting the RTs to incongruent colour-associated
words from those to neutral words because the only differ-
ence between these two conditions is the colour-related
information activated by colour-associated words. This
measurement of conflict and our measurement of semantic
facilitation are the same as that in other studies in the lit-
erature (Augustinova et al., 2018, 2019; Augustinova &
Ferrand, 2014; Sharma & McKenna, 1998).

The vocal and manual Stroop tasks with Chinese stim-
uli revealed semantic conflicts that were numerically
slightly larger than what has been found in the study by
Augustinova et al. (2019) with French stimuli. The data
from Spinks et al. (2000) and Wang et al. (2010), who
also used Chinese stimuli, showed a similar numerical
semantic conflict of 30 ms with the vocal Stroop task as
the current study but a larger 36 ms with manual Stroop
than in the present study (23 ms). Importantly, the differ-
ence in semantic conflict between vocal and manual
responses in the present study was not significant; thus, it
was not modulated by response modality, which was also
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observed in the study by Kinoshita et al. (2018). In con-
trast, Sharma and McKenna (1998) did not find semantic
conflict with manual responses but only with vocal
responses. Therefore, they argued that the locus of the
lexical effect is the vocal output system. The current
results and those of Augustinova and colleagues indicate
that this lexical effect is not exclusive to vocal responses.
Thus, semantic information is also activated automati-
cally in the manual Stroop task.

Augustinova et al. (2019) investigated semantic facili-
tation using French words in the Stroop task. The RT dif-
ference between neutral words and congruent
colour-associated words was used as a measure of seman-
tic facilitation. They found semantic facilitation in both
vocal and manual responses. However, the effects of
semantic facilitation observed in French were relatively
small (vocal: 11 ms; manual: 14ms), and the authors did
not correct for multiple comparisons. The present study
did not reveal semantic facilitation in either response
modality after Holm-Bonferroni correction. Interestingly,
a trend towards a reversed semantic facilitation effect was
observed with vocal responses, which is actually consist-
ent with the findings in the study by Dalrymple-Alford
(1972), although with a different baseline (a row of X’s)
compared to that in the current study. Regarding the
response modality effect, a smaller semantic facilitation
was found in vocal than in manual responses. A similar
pattern was also found in French (Augustinova et al.,
2019). In addition, the distributional analysis in the present
study revealed a significant negative linear trend was
observed. These findings are unexpected considering that
strong semantic conflicts were observed in both response
modalities. To investigate whether the specific colours
used in the current study led to the reversed semantic facil-
itation effect, a post hoc distributional analysis was con-
ducted for each colour separately (Table 6). The analysis
revealed that the colour blue did not contribute to the nega-
tive linear effects in semantic facilitation but contributed
to positive linear effects in semantic conflict. An explana-
tion for this could be that the colour-associated word &
(SKY) has a higher word frequency than % (GRASS) and
4 (GOLD). Studies have found that the use of high-fre-
quency distractor words leads to smaller Stroop interfer-
ence than low-frequency distractor words (Burt, 1999,
2002; Navarrete et al., 2015). When presented in the con-
gruent condition (i.e., SKY in blue colour), there is a ten-
dency to name SKY rather than BLUE because of its high
frequency; thus, we observed no semantic facilitation in
colour blue.

In sum, the presence of semantic conflict in the
Stroop task is universal. Moreover, semantic conflict
can be observed with both vocal and manual responses.
Semantic facilitation is absent in the manual Stroop,
and there is a trend towards a reverse semantic facilita-
tion effect (i.e. -9 ms) in the vocal Stroop.

The measurement of semantic conflict/facilitation
assumes that both the incongruent/congruent colour-asso-
ciated words and the neutral words do not trigger (pre-)
motor responses. Klein (1964), however, suggested that
incongruent colour-associated words generate response
conflict. Critically, data from Schmidt and Cheesman
(2005) provided evidence that semantic colour-associated
words do not result in response conflict (see the previous
section about response conflict). However, Parris et al.
(2022) argued that semantic associates are not purely
measuring semantic conflict/facilitation because the acti-
vated colour meanings are part of the response set. Parris
argued that more sensitive techniques should be used, such
as electromyography (EMG), to determine if colour asso-
ciates do not trigger (pre-)motor responses. Quétard et al.
(2023) used a mouse-tracking paradigm to distinguish
between response and semantic conflicts. Non-response
set trials (e.g., ORANGE that was not used as a colour
response) were used to measure response conflict with
incongruent colour words and to measure semantic con-
flict with incongruent colour-associated words. They
found that there was no response conflict in non-response
set trials and argued that it is better to distinguish semantic
relevance from incongruent colour-associated words.

Phonological conflict/facilitation

In the present study, strong phonological conflict and facil-
itation were observed with vocal responses and not with
manual responses, which indicates a qualitative rather than
quantitative difference between response modalities.
Moreover, as discussed earlier, the response modality
effect was driven by phonological conflict and facilitation.
These results can only be explained by assuming that pho-
nology is automatically activated when using Chinese
characters in the Stroop task. Besner and Stolz (1998)
reported phonological conflict in a manual Stroop using
pseudo-homophones of colour words in English. Parris
et al. (2022) expressed concerns that measuring phono-
logical conflict using pseudo-homophones would be con-
founded by orthographic conflict. This confound is not an
issue in Chinese because Chinese homophones do not
overlap in orthography with colour words. Thus, it is pos-
sible to investigate pure phonological conflict/facilitation
in a Chinese Stroop task.

The magnitude of phonological conflict calculated
from the vocal Stroop data collected by Spinks et al. (2000)
was —2ms, and —7 ms for the manual Stroop task of Wang
et al. (2010). In the present study, a significant phonologi-
cal conflict (16 ms) was observed in the vocal but not in
the manual responses (1 ms), and this difference was also
significant between those response modalities. Spinks
et al. (2000) used both same-tone and different-tone homo-
phones in the study, whereas the current study used same-
tone homophones only. The several homophone conditions
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Table 5. Facilitation components of Stroop facilitation comparing the current study and the study by Augustinova et al. (2019) in

both vocal and manual tasks.

Facilitation components

French

Chinese (present study)  (Augustinova et al., 2019)

Vocal Manual Vocal Manual
Semantic Facilitation (Colour-Neutral Words—Associated-Congruent) =97 -1 | [ | 4x
Phonological Facilitation (Homophone-Congruent—Colour-Congruent) ~ 32% > 2
Response Facilitation®* (Homophone-Congruent—Colour-Congruent) -2 0
Response Facilitation® (Associated-Congruent—Colour-Congruent) 31#k > 2 39wk > 7

2Response conflict as defined in the present study.
PResponse conflict as defined by Augustinova et al. (2019).
Rk <.001; ¥¥p<.01; Tp<.10.

Table 6. F values of linearity for each colour in vocal
responses.

Components Vocal responses
Colour  Colour Colour
blue green yellow
Semantic facilitation 0.15 8.453** 5.941%*
Phonological facilitation ~ 2.571 26497+ 2] .498%F*
Response facilitation 1.681 4.444* 3.942%

kD <.001; *p <.01; *¥p <.05.

in the study by Spinks et al. might have resulted in reduced
sensitivity towards homophones, and at the same time, this
reduced the proportion of experimental conditions and
neutral controls. As a consequence, phonological conflict
was much smaller in the study by Spinks et al. than that in
the current study.

Phonological facilitation in the data of Spinks et al.
(2000) and Wang et al. (2010) was 12ms and 36 ms for
vocal and manual responses, respectively. The current
study found a significant phonological facilitation in the
vocal (32ms) but not in the manual responses (2ms), and
this difference was significant. Wang et al. used four col-
ours in their study, whereas the current study removed the
colour red because of a potential alliteration between the
colour red (/hong/) and yellow (/huang/) in Chinese char-
acters. This could explain why they found much larger
phonological facilitation effects in manual responses
because it is more likely to trigger the phonology of the
words that are pronounced similarly.

In summary, the present data showed that phonological
conflict and facilitation are affected by response modality,
which suggests qualitative difference between response
modalities. Phonological conflict and facilitation were
stronger in the vocal than in the manual responses.
However, the present study cannot rule out the possibility
that the present measure of phonological conflict/facilita-
tion (subtracting RTs to homophones from those to colour-
associated words) could also have been in part due to

phonologically-mediated response conflict/facilitation,
which is stronger in the homophone condition.

Task conflict

The definition of task conflict in the current study was
based on the logic of Augustinova et al. (2018) that task
conflict occurs due to attention being drawn to the irrele-
vant task (i.e., word reading) rather than the relevant task
(i.e., colour naming). Specifically, in a Stroop task, task
conflict is defined as the RT difference between neutral
words and neutral signs (e.g., a row of X’s) because the
former involves word reading, whereas the latter does not.
In the literature, this difference is also referred to as the
“lexical effect” (Levin & Tzelgov, 2016) or “lexicality
cost” (Brown, 2011).

In the present study, no task conflict was found in either
vocal or manual responses. In contrast, Augustinova et al.
(2019) found significant task conflict in the vocal Stroop
tasks only and absent in manual responses. This discrep-
ancy between the current study and that of Augustinova
et al. (2019) regarding task conflict could be related to the
differences in the neutral sign between the present study
and that of Augustinova et al. (2019) (percent sign “%” vs.
arow of X”’s “XXXX” in Augustinova et al., 2019). A per-
centage sign was used in the present study to match the
length of a Chinese character and to ensure that partici-
pants were not exposed to any alphabetic characters.
However, the percentage sign does contain some meaning,
unlike the row of X’s, and could therefore have been con-
sidered by participants as readable. This could potentially
result in a reduction of the difference between neutral
words and signs, i.e., a smaller task conflict as seen in the
current study.

As an alternative to neutral signs, colour patches have
been used in other Stroop studies (Spinks et al., 2000;
Wang et al., 2010; Yeh et al., 2017); however, they often
only served as fillers rather than experimental stimuli, so it
is difficult to measure task conflict using colour patches
because they were less repeated than other conditions.
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Future research could consider colour patches as neutral
stimuli and analyse task conflict relative to these.
Noncharacters (i.e., combining real radicals/characters
into pseudo-words) could also be used to measure task
conflict, although these might still activate meaning or
phonology because of the radicals.

The measurement of task conflict in the present study
might have been affected by the use of the colour-neutral
word % (charcoal, /tan4/), which is strongly associated
with black (24, Li et al., 2024). However, black is not
considered a colour, and it is not in the response set. If,
however, charcoal would cause semantic conflict in the
Stroop task, then stronger task conflict should be expected,
which is not supported by the findings. Thus, the colour-
neutral word “charcoal” is unlikely to have affected the
present findings.

Linear trends in conflict/facilitation components

The distributional analysis findings are consistent with the
observed mean RT analysis. With vocal responses, positive
linear trends were observed for response, semantic, and
phonological conflicts, which suggests that it was difficult
to maintain a high level of suppression for those conflict
components in a Stroop task. With manual responses, posi-
tive linear trends were observed for response and semantic
conflicts. Labuschagne and Besner (2015), Scaltritti et al.
(2022), and Sulpizio et al. (2022, 2024) also found a posi-
tive slope for semantic conflict. In the current study, a
levelling-off trend was observed in phonological conflict,
suggesting that weak inhibition was applied to suppress
the competition between word and colour information.
Likewise, a positive linear trend was observed for phono-
logical facilitation with vocal responses, but not with man-
ual responses. These findings are consistent with the
findings of the mean RT analysis, which showed that pho-
nological conflict and phonological facilitation contribute
to response modality effects.

Similar to previous studies that used distributional anal-
yses to investigate Stroop effects (Bub et al., 2006; Pratte
et al., 2010; Roelofs et al., 2011; Scaltritti et al., 2022),
overall positive trends were observed for Stroop interfer-
ence effect with both vocal and manual responses in the
current study. In particular, semantic conflict found with
manual responses revealed a positive trend as in the study
by Scaltritti et al. (2022).

Response modality effects

The current findings indicate that vocal and manual
responses are qualitatively different, consistent with
Kinoshita et al. (2017), who suggested that this qualitative
difference is due to task differences. The vocal Stroop task
requires colour naming, whereas the manual Stroop task
requires colour classification. In contrast, Parris et al.

(2019) found no qualitative difference in the facilitation
effects of phoneme overlap. Parris et al. (2022) argued that
response conflict might be indirectly measured by seman-
tic conflict; thus, it is hard to claim a qualitative difference
between the two response modalities. The current results,
however, indicate that vocal and manual responses are
qualitatively different from each other because there is no
response, semantic, and phonological facilitation with
manual responses, but there is strong phonological facilita-
tion with vocal responses. Even if there is an indirect
measure of response conflict/facilitation in semantic con-
flict/facilitation or phonological conflict/facilitation, no
facilitation was found in manual responses.

Response conflict as measured by Augustinova et al.
(2018, 2019) could also be phonologically-mediated,
therefore resulting in the conclusion that there is a quanti-
tative difference in the activation of phonology between
the response modalities. Crucially, the data are consistent
with the idea that phonology does play an essential role in
reading (Frost, 1998). The difference between response
modalities may be attributed to the overt vocal response in
a vocal Stroop task compared to the covert subvocal
response in a manual Stroop task because the overt vocal
response encourages greater phonological processing of
the irrelevant word (Parris et al., 2019; Zahedi et al., 2019).

Conclusion

The present experiment revealed that phonology is auto-
matically activated in a vocal Stroop task with Chinese
characters. Unlike alphabetic languages, the observed pho-
nological conflict/facilitation was not affected by ortho-
graphic overlap because the Chinese homophones used to
measure phonological conflict were completely ortho-
graphically distinct from the colour words (unlike homo-
phones in alphabetic languages).

The current findings support multi-stage accounts of
Stroop effects and specifically provide evidence of phono-
logical conflict and phonological facilitation. The results
support the notion that multi-stage accounts are independ-
ent of the language used, as distinct components were
identified not only with Chinese in the present study but
also with French stimuli in a study conducted by
Augustinova et al. (2019). In addition, our findings are
consistent with those reported with English stimuli in stud-
ies conducted by Klein (1964), Sharma and McKenna
(1998), and Risko et al. (2006).

The current findings suggest that the modality effects
observed with response conflict/facilitation in the study by
Augustinova et al. (2019) could in part be driven by pho-
nological conflict/facilitation in the vocal Stroop. When
the same definition of response conflict/facilitation as
Augustinova et al. was used, our results also showed
stronger response conflict/facilitation with vocal than with
manual responses. However, when our definition of
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response conflict/facilitation was used, the response
modality effect disappeared. As discussed earlier, the two
methods of measuring response conflict are both useful,
and one is not necessarily better than the other. Crucially,
the present Stroop study with Chinese stimuli provided a
new way to measure phonological conflict/facilitation, as
well as response conflict/facilitation.
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