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Abstract

A prevalent hypothesis in bilingual psycholinguistics is that processing code-switches engages
domain-general cognitive control mechanisms, which should facilitate cross-task conflict adapta-
tion. However, evidence for such cross-domain transfer remains mixed, and most prior work has
focused on comprehension. The present study tested whether producing dense code-switches
influences domain-general conflict control. Spanish–English bilinguals completed a cross-task
adaptation paradigm inwhich they read aloud dense code-switched or unilingual Spanish sentences
interleaved with Flanker trials. Whereas production differences were evident – articulation was
slower in the dense code-switched than unilingual sentences – Flanker results showed a robust
conflict effect without modulation by the preceding language context. These findings provide no
evidence that producing dense code-switches induces inhibitory engagement that generalizes to
subsequent non-linguistic conflict resolution. Instead, these results are compatiblewith the idea that
dense code-switching involves control processes that do not readily transfer outside the linguistic
domain and highlightmethodological constraints on detecting cross-task adaptation in production.

Highlights

• Extends cross-task adaptation paradigms to dense code-switching during production
• Sentences with dense code-switches are produced slower than unilingual sentences
• Language context does not modulate Flanker conflict effects
• Suggests language control processes do not generalize to domain-general tasks

1. Introduction

Bilingual speakers frequently engage in code-switching (CS), the alternation between two
languages within a single interaction or utterance. CS is a systematic phenomenon governed
by grammatical, pragmatic and discourse constraints, rather than a sign of deficient language
control (Muysken, 2000; Valdés Kroff, 2016). Because bilinguals must coordinate two
co-activated language systems during CS, this behavior has been regarded as a natural testing
ground for theories of bilingual language control and its potential relationship to domain-general
executive functions (EF), such as conflict monitoring and inhibition.

Interest in the cognitive consequences of bilingual language use originally emerged from the
broader “bilingual advantage” literature, which proposed that bilingual experience enhances EF
(Bialystok et al., 2005). However, findings in this literature have been highly inconsistent, with
large-scale reviews andmeta-analyses reporting mixed or null effects (e.g., Gunnerud et al., 2020;
Lehtonen et al., 2018). In addition, concerns have been raised about publication bias in the
bilingual advantage literature, with studies reporting positive effects historically beingmore likely
to appear in the published record than studies reporting null results (de Bruin et al., 2015). In
response, recent work has shifted away from treating bilingualism as a categorical trait and
toward examining how specific bilingual experiences, including patterns of language use and CS,
shapemoment-to-moment engagement of cognitive control (Bialystok & Craik, 2022; Semenova
et al., 2026). The present study adopts this experience-based perspective and focuses on how CS
during production influences subsequent cognitive control using a reading aloud paradigm.

1.1. Interactional contexts and adaptive language control

One of the most influential frameworks linking CS to cognitive control is the Adaptive Control
Hypothesis (ACH; Green & Abutalebi, 2013). ACH proposes that bilinguals’ language control
systems adapt to the demands imposed by their interactional environments. The model distin-
guishes three interactional contexts: single-language, dual-language and dense CS contexts. In the
present study, we focus specifically on dense intra-sentential CS, following the terminology of
the ACH.
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In a single-language context, bilinguals use one language per
environment (e.g., one language at home and another at work).
Although both languages remain active, control demands largely
involve goal maintenance and interference monitoring. In a dual-
language context, both languages are used within the same envir-
onment, typically with different interlocutors. This context places
heavier demands on cognitive control, including selective response
inhibition, cue detection, task disengagement and task switching, as
bilinguals must rapidly alternate between language task schemas.

Crucially, the ACH distinguishes these two contexts from the
dense CS context, which is the focus of the current study and
involves frequent intra-sentential mixing of both languages.Within
the broader CS literature, two other intra-sentential patterns are
commonly described: alternation, in which a switch occurs at a
clause or phrase boundary (e.g., switching entire syntactic chunks),
and insertional CS, in which lexical items or short phrases from one
language are inserted into the morphosyntactic frame of the other
(Belazi et al., 1994; Muysken, 2000). According to Green and Wei
(2014), both alternation and insertional CS rely on a coupled
control mode in which control temporarily shifts to the other
language and subsequently returns to the matrix language. By
contrast, dense CS reflects an open control mode in which both
language schemas remain active, and lexical items from either
language may be recruited as long as grammatical and discourse
constraints are satisfied. Because dense CS minimizes repeated
switching between language task schemas, it may rely less on
sustained inhibitory control, even though competition between
co-activated lexical items may still occur at local planning stages
(Green, 2018).

ACH thus predicts that different interactional contexts engage
distinct control processes and may differentially impact domain-
general EF. In particular, dense CS may place lower demands on
inhibition than alternation or insertional switching, potentially
leading to weaker transfer to non-linguistic inhibitory tasks.

1.2. Cross-task adaptation approaches to CS and cognitive
control

Most early studies examining CS and EF operationalized bilingual
experience as a stable trait and used between-subject correlations
between language background measures and EF task performance
(e.g., Beatty-Martínez et al., 2020; Prior & Gollan, 2011). Such
designs have interpretive challenges, including confounds related
to group differences that are not controlled for (e.g., socioeconomic
status, length of immersion, education or language dominance).
Furthermore, such studies cannot establish causal relationships
(Salig et al., 2021).

A growing body of work has adopted cross-task adaptation
paradigms, in which linguistic trials are interleaved with non-
linguistic EF trials. Unlike broad between-group comparisons,
these paradigms manipulate immediate language context within
participants and test whether engagement in a particular linguistic
context is associated with short-term changes in subsequent
cognitive-control performance. In this way, interactional context
is operationalized as a transient processing state rather than a stable
bilingual trait. Although such paradigms do not establish causality
in the strong sense of longitudinal training or intervention studies,
they provide a more direct test of short-term coupling between
language processing and cognitive control.

One of the early studies using this approach is Wu and Thierry
(2013), who interleaved Flanker trials with word-level language
processing in single-language and dual-language modes. Although

reaction times did not differ across conditions, the dual-language
mode produced a reduced Flanker conflict effect and reduced P300
amplitudes, which the authors interpreted as enhanced inhibitory
control. Neuroimaging evidence further suggests partial overlap
between brain regions involved in language control and non-verbal
inhibition (Branzi et al., 2016; de Baene et al., 2015), providing
evidence for the plausibility of cross-task transfer.

Subsequent studies extended this approach to sentence-level
processing. Adler et al. (2020) interleaved Flanker trials with self-
paced reading of sentences that either contained a single intra-
sentential switch or were unilingual. Participants responded faster
to incongruent Flanker trials following code-switched sentences
than following unilingual sentences, yielding a reduced conflict
effect. Although the switches in this study were intra-sentential,
they were limited to a single switching site and are best character-
ized as alternational CS. Under ACH, this switching pattern is
assumed to involve coupled control and greater reliance on inhib-
ition, consistent with the observed facilitation in conflict resolution.
Similarly, Treffers-Daller (2009) proposed a control continuum in
which alternational switching recruits the greatest degree of cogni-
tive control, insertional switching occupies an intermediate pos-
ition and dense CS recruits relatively little control.

Other studies complicate this picture. Hofweber et al. (2020)
incorporated language dominance into their predictions, arguing
that inhibitory demands depend on which language must be sup-
pressed. In L1-dominant German–English bilinguals, they
observed the strongest Flanker conflict effects in the L2 single-
language mode, consistent with the need to inhibit the dominant
L1. Although they found no significant overall differences between
alternation, insertion and dense CS modes in either inhibitory
control or monitoring, the predictors of performance differed
across these conditions. In particular, their results suggested that
dense CS draws on relatively proactive control processes, whereas
alternation draws on relatively reactive control, with bilinguals’
dominance profiles also playing an important role in explaining
EF performance. These mixed results echo broader findings sum-
marized in recent reviews, which emphasize substantial heterogen-
eity in both methods and outcomes across cross-task adaptation
studies (see Semenova et al., 2026, for a review).

Kheder et al. (2026) ex Q4amined different types of intra-sentential
CS within a cross-task adaptation paradigm during comprehension.
Across four experiments, Spanish–English bilinguals processed uni-
lingual, insertional and dense code-switched sentences interleaved
with a Flanker task, with either auditory or visual presentation and in
either blocked or mixed designs. Contrary to predictions derived
from production-based control models (Green, 2018; Green & Wei,
2014), the authors found no evidence that processing code-switched
sentences reduced subsequent Flanker conflict effects. If anything,
conflict effects were larger following code-switched sentences than
following unilingual sentences, and no reliable differences emerged
between dense and insertional switching in most experiments.

These findings suggest that, in comprehension, processing
intra-sentential CS does not reliably boost domain-general inhibi-
tory control or monitoring in a way that transfers to a following
non-linguistic task. Instead, Kheder et al. (2026) propose that code-
switched sentences presented without a broader discourse context
may impose additional processing demands or require attentional
refocusing, leaving fewer resources available for the subsequent
Flanker trial. This work also raises the possibility that cross-task
adaptation paradigmsmay be limited in their sensitivity to language
control processes during comprehension, even if CS itself involves
conflict or coordination at the linguistic level.

2 Demi Zhang et al.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124



1.3. Bilingual language control in production versus
comprehension

Most cross-task adaptation studies investigating sentential CS to
date have focused on comprehension. However, the Adaptive
Control Hypothesis (Green & Abutalebi, 2013) proposes that EF
is adaptively tuned through the demands of bilingual language use,
particularly during language production, where speakers must
actively select, plan and control competing linguistic representa-
tions. Although both comprehension and production in bilinguals
involve co-activation of both languages (Nozari & Novick, 2017;
Pickering & Garrod, 2013), evidence suggests they rely on partially
dissociable control mechanisms. Neuroimaging work indicates that
language switching during production recruits dorsolateral pre-
frontal regions associated with executive control, whereas compre-
hension engages anterior cingulate cortex without overlapping
category-switching activations (Blanco-Elorrieta & Pylkkänen,
2016). The difference also manifests in language switch cost. Using
a lexical decision task, Reynolds et al. (2016) reported asymmetric
switch costs for unbalanced bilinguals in speech production, where
the switch cost for L1 is larger than the switch cost for L2. By
contrast, symmetric switch costs are reported in language compre-
hension tasks, where the cost of switching is the same for L1 and L2.
Declerck et al. (2019) observed neither comprehension-based
switch costs nor robust mixing costs, suggesting that reactive
(switch-triggered) and proactive (context-wide) control demands
during comprehension may be weaker or qualitatively different
from those posited for production.

Theoretical models reflect this distinction. The ACH focuses on
task-schema coordination and sustained control demands during
language production, whereas the Bilingual Interactive Activation
Plus (BIA+) model accounts for comprehension through bottom-
up activation of orthographic and phonological representations
with limited reliance on inhibition (Dijkstra & van Heuven,
2002). Li et al. (2024) directly compared silent reading and reading
aloud of paragraphs containing intra-sentential switches and found
that switching elicited distinct control signatures across modalities:
silent reading showed early ERP switch effects but no strong
dominance asymmetry, whereas reading aloud elicited more cross-
language intrusion errors when switching into the dominant lan-
guage and more errors on function than content words. These
results imply that inhibiting the dominant language is more critical
in production than in comprehension and that production recruits
additional mechanisms related to lexical selection and morphosyn-
tactic processing. Together, these findings highlight that bilingual
language control during comprehension and production is not
uniform, reinforcing the need to investigate CS in production-
specific paradigms rather than assuming modality-independent
transfer.

Despite this, only a small number of studies have examined CS
and EF using production-based cross-task adaptation paradigms.
Jiao et al. (2020) interleaved picture naming with a Flanker task and
observed ERP evidence for enhanced inhibitory control under
mixed-language conditions, though behavioral effects were absent.
The authors attributed these findings to participants’ limited CS
experience, suggesting that mixed-language production may have
been particularly effortful for this population. More naturalistic
work examining spontaneous speech has found correlations
between intersentential switching frequency and inhibitory control
(Han et al., 2025), yet such correlational designs do not manipulate
linguistic context nor probe changes in EF state in response to
moment-to-moment language use.

1.4. Reading aloud as a controlled approximation to production

Most prior work on bilingual language control in production has
used cued picture naming or digit naming in language-switching
paradigms (e.g., Costa & Santesteban, 2004; Declerck et al., 2012;
Meuter & Allport, 1999). These tasks instantiate a strongly top-
down production process: speakers start from a conceptual repre-
sentation (a picture, a number) and retrieve lexical items in the cued
language. Switch costs – especially larger costs for switching from
L2 back to L1 in unbalanced bilinguals – have been interpreted as
evidence for inhibitory control, with the more dominant language
requiring stronger inhibition and therefore longer reactivation
(Gade et al., 2021; Green, 1998).

However, bilingual speech production is not limited to naming
pictures. In many everyday situations, speakers read written mater-
ials aloud – scripts, messages or texts that may themselves contain
code-switches. Reading aloud is often characterized as a more
bottom-up production modality: visual word forms activate ortho-
graphic, phonological and semantic representations (Coltheart,
2006; Dijkstra & van Heuven, 2002), which are then mapped onto
articulatory plans. Empirical evidence supports that reading aloud
in a bilingual context engages core language control processes.
Bilinguals produce language intrusion errors primarily in mixed-
language reading contexts, particularly when attempting to produce
dominant-language targets, indicating inhibition and monitoring of
competing languages at both lexical and sublexical levels (Gollan
et al., 2014; Gollan & Goldrick, 2018). These intrusion patterns,
including reversed dominance effects and sensitivity to syntactic
context, suggest that reading aloud recruits multiple control
mechanisms, including inhibition, default-language selection and
outputmonitoring. Converging evidence further shows robust cross-
language competition and switch costs during reading aloud (Macizo
et al., 2012; Slevc et al., 2016).

At the process level, reading aloud and “free” production share
core components. ERP work indicates that picture naming and
word reading converge on similar phonological planning and
motor stages from roughly 250ms onward, with earlier visual stages
differing mainly in intensity rather than kind (Valente et al., 2016).
Clinical evidence from phonological output lexicon anomia like-
wise suggests a tight link between lexical retrieval for speaking and
reading aloud (Gvion & Friedmann, 2016). Both production
modalities are incremental: speakers typically plan and articulate
in chunks rather than full sentences, though the degree of incre-
mentality may differ. Ganushchak and Chen (2016) showed that
planning during sentence reading is in some respects even more
incremental than during picture description, likely reflecting dif-
ferences in conceptual preparation demands.

On the other hand, Lee et al. (2026) demonstrated that produc-
tion modality shapes language control. In picture naming, which
engages top-down lexical selection, switch-cost asymmetries varied
with context: L1-predominant contexts induced larger L1 costs,
whereas balanced contexts produced symmetrical switching. In
reading aloud, where lexical and phonological activation is primar-
ily bottom-up, switch costs were symmetrical across contexts.
These findings suggest that inhibitory control emerges most
strongly when production demands require conceptual preparation
and lexical retrieval, and they highlight that production modality
modulates when and how language context engages bilingual
control.

From a methodological standpoint, implementing truly natur-
alistic, dense CS within a cross-task adaptation paradigm is diffi-
cult, because the paradigm requires tight timing and trial-by-trial
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control over linguistic input. Adopting a reading aloud paradigm
therefore provides a principled compromise: it engages core pro-
duction and control mechanisms that are comparable to free
speech, while allowing us to precisely manipulate dense CS versus
unilingual contexts and to measure their immediate carry-over
effects on a subsequent Flanker task.

1.5. The current study

Building on recent comprehension-based cross-task adaptation
studies by Kheder et al. (2026), which found no evidence that
processing dense or insertional CS facilitates domain-general cog-
nitive control, the present study extends this line of inquiry to the
domain of language production, as influential models of bilingual
language control, including the Adaptive Control Hypothesis and
related control-process accounts (Green & Abutalebi, 2013), are
formulated primarily for production. Specifically, we extend the
dense CS condition used in Kheder et al. (2026) by examining
whether producing such switches influences subsequent Flanker
performance.

The study employs a reading aloud paradigm in which partici-
pants produce either dense code-switched or unilingual sentences
that are interleaved trial-by-trial with a Flanker task. While reading
aloud, participants engage core production mechanisms such as
phonological encoding and articulatory planning, while the experi-
menter can maintain precise control over linguistic input and
timing, constraints that are essential for cross-task adaptation
paradigms. Although sentences are presented in isolation and
without extended discourse context, this design enables a direct
test of whether production-related language control mechanisms
can modulate subsequent non-linguistic executive control under
tightly controlled conditions.

We evaluate two competing hypotheses. Hypothesis A, derived
from control-process accounts of dense CS (Green & Wei, 2014),
predicts that denseCS involves relatively low inhibitory demands due
to sustained joint activation of both languages, resulting in increased
interference and a larger Flanker conflict effect compared to unilin-
gual production. An alternative view is that, even though reading
aloud engages key components of speech production, it does not
constitute spontaneous speech and therefore may not fully engage
the open control mode typically proposed for dense CS in natural
production. Instead, reading aloud requires bilingual speakers to
coordinate two languages under externally provided lexical input
and to prevent intrusions during articulation, processes associated
with increased language control. Under this hypothesis (B), produ-
cing dense CS may elicit a more controlled processing state, predict-
ing a smaller Flanker conflict effect following a code-switched
sentence than following a unilingual sentence (Adler et al., 2020).
Importantly, both hypotheses assume that control processes engaged
during language production may carry over to subsequent Flanker
performance within a cross-task adaptation paradigm. However,
they differ in the extent to which dense CS is expected to recruit
such control processes. By contrasting dense CS and unilingual
production within an interleaved sentence–Flanker paradigm, the
present study tests whether language production induces control
states that transfer to domain-general EF.

2. Methods

This study was preregistered at https://osf.io/q9sx3/. Materials and
the dataset containing all primary study variables can be found on
OSF (https://osf.io/8n7eu).

2.1. Participants

A total of 43 Spanish–English bilingual individuals were recruited
for this study, primarily from the University of Florida (USA).
Eligibility required participants to have acquired Spanish before
English or both languages simultaneously, learned both languages
before the age of 12, to report no hearing or reading impairments
and to be between 18 and 35 years old. Seven participants were
excluded from the analysis in accordance with our preregistered
inclusion and exclusion criteria: two were excluded for scoring
below 80% on comprehension questions, four were excluded
because backtracking occurred on more than 40% of experimental
trials,1 one was excluded because they reported learning English at
age 14, and one was excluded because they reported learning
English before Spanish (who also had more than 60% backtracks).
The final sample therefore consists of 36 participants.2

The language backgrounds of these 36 participants are summar-
ized in Table 1, based on responses to the Bilingual Language Profile

Table 1. Language background information of the 36 participants included in
the analysis

English Spanish

AoA 3.85 (0–12) 0

Self-reported proficiency (6 being full
score)

Listening 5.96 (5–6) 5.74 (4–6)

Reading 5.93 (5–6) 5.30 (4–6)

Writing 5.78 (4–6) 4.85 (1–6)

Speaking 5.70 (5–6) 5.26 (2–6)

Collapsed mean 5.84 (5.25–6) 5.29 (3.25–6)

Variety of spoken Spanish Mixed varieties: 27.8%;
Colombian: 16.7%; Cuban:
16.7%; Venezuelan: 16.7%;
Mexican: 8.3%;
Argentinian: 5.6%; Costa
Rican: 2.8%; Nicaraguan:
2.8%; Peruvian: 2.8%.

Note: values are reported as means, with ranges shown in parentheses.

1This participant-level exclusion criterion was not preregistered. Backtrack-
ing was preregistered as a trial-level exclusion. After inspecting data quality, we
excluded participants with backtracking on more than 40% of experimental
trials to remove cases with pervasive disruption during reading aloud. This
threshold was selected to identify extreme cases.

2The preregistered sample size was established via simulation-based power
analysis using data from Kheder et al. (2026, Experiment 3). The simulations
indicated that 30 participants are enough to provide 80% power to detect the
Flanker congruency × switching interaction. Because some participant exclu-
sions were anticipated based on our preregistered criteria, we planned to recruit
beyond this minimum target to ensure that the final analyzable sample would
meet or exceed 32. Data collection was therefore stopped at 43 recruited
participants, which resulted in 36 participants remaining after exclusions. As
these 36 participants all met the final inclusion criteria, we retained all eligible
datasets in the analyses rather than excluding additional participants to match
the preregistered minimum exactly. The additional 4 datasets did not affect our
results and interpretation, as the effects of interest were not significant with
36 datasets (and would not have been significant with 32). Additional details,
including simulation output, are available on OSF at https://osf.io/8n7eu/files/
rg7b2.
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(BLP; Birdsong et al., 2012) and the Bilingual Code-Switching Profile
(BCSP; Olson, 2024) questionnaires, which participants completed
after the main study. These measures were selected to facilitate
comparisons with samples from prior research. The BLP score,
ranging from!218 (Spanish dominant) to 218 (English dominant),
averaged 14.67 (SD= 48.86,min =!73.65,max = 130.77), indicating
large variance in participants’ language dominance. Meanwhile, the
BCSP score, which assesses CS habits, exposure and attitudes on a
0–100 scale, averaged 66.81 (SD = 11.68, min = 38.47, max = 87.08),
reflecting some familiarity with CS.

Before the main experiment, participants completed a bilingual
verbal fluency task (Benton et al., 1994) to evaluate their ability to
retrieve and produce words efficiently in each of their languages
under time constraints. Participants named as many items as
possible within four semantic categories per language, with
30 seconds allotted per category, in both English and Spanish.
Category–language pairings were counterbalanced across partici-
pants to equate task demands across languages. Scores reflect the
total number of unique items produced across the four categories
within each language. On average, participants produced 43.1 items
in Spanish (SD = 7.06, min = 28, max = 57) and 49.3 items in
English (SD = 8.94, min = 31, max = 64).

2.2. Materials

The materials were adapted from Kheder et al. (2026), Experiment 3
and included only the unilingual Spanish and dense CS sentence
conditions. An example is shown in Table 2. Crossing sentence type
with Flanker congruency yielded four experimental conditions:
unilingual Spanish sentences with congruent Flankers, unilingual
Spanish sentences with incongruent Flankers, dense CS sentences
with congruent Flankers and dense CS sentences with incongru-
ent Flankers. Each condition contained 12 critical sentence-to-
Flanker pairs, yielding 48 critical experimental pairs in total.

All sentences began in Spanish and were either entirely unilin-
gual or contained multiple switches into English (dense CS). Indi-
vidual switched segments varied in constituent size, ranging from
single words tomultiword constituents and occurred across a range
of syntactic categories, including verbs, nouns, conjunctions, pre-
positions, determiners and auxiliaries. These switch sites represent
categories attested in Spanish–English CS (Belazi et al., 1994;
Di Sciullo et al., 1986). Thus, the present study was designed to
examine the consequences of producing a dense code-switch sen-
tence as a whole, rather than the local processing effects of particu-
lar switch types or syntactic locations. Consistent with Kheder et al.
(2026), English-only sentence contexts were not included in order
to reduce study duration and to prevent participants from antici-
pating the presence or absence of CS based on sentence-initial
language. Sentence length averaged 15 words (range: 10–22).
Norming studies assessing sentence plausibility and the naturalness
of CS are reported in Kheder et al. (2026). Experimental items were
distributed across four participant lists using a Latin-square design,
such that each participant saw all four conditions but only one

version of each item. The full list of experimental items is available
on OSF at https://osf.io/8n7eu/files/tge4j.

In addition to the experimental items, 80 fillers (same for each
list) were included to reduce predictability and maintain task
engagement. These comprised 32 filler sentences (24 unilingual
Spanish and 8 dense code-switched), each followed by a compre-
hension question and 48 filler Flanker trials. Participants therefore
saw 128 total trials (48 critical sentence-to-Flanker pairs, 32 filler
sentences and 48 filler Flanker trials). Participants were randomly
assigned to one of the four lists. Item order was pseudorandomized,
such that there were no two consecutive critical dense trials.

2.3. Procedure

Participants first provided informed consent before entering a
sound-attenuated recording booth. The session began with a bilin-
gual verbal fluency task, followed by the main experimental task.

The studywas constructed and datawere collected using E-Prime 3
(Psychology Software Tools, Inc.). Trials in the main task were struc-
tured as follows. Participants initiated each trial bypressing a buttonon
a Chronos response box (Psychology Software Tools, Inc.). Each trial
beganwith a 500ms fixation cross presented at the center of the screen.
After that, a sentence was displayed on a computer screen in its
entirety. Sentences were presented in black text on a light gray back-
ground and appeared on a single line. Participants read each sentence
aloud at their natural pace while their speech was recorded. Once they
finished reading, they indicated completion by immediately pressing
the center button on the Chronos response box.

After pressing the Chronos center button at the sentence offset,
participants encountered either a Flanker trial, a comprehension
question or another sentence. However, a critical sentence was
always immediately followed by a critical Flanker trial. Flanker
trials consisted of a central target arrow flanked by arrows pointing
either in the same direction (congruent) or in the opposite direction
(incongruent). Flanker trials began with a 500 ms fixation cross,
followed by a five-arrow stimulus displayed at the center of the
screen. The string of five arrows measured 1.5 cm in width. The
Flanker stimulus remained visible until participants responded by
indicating the direction of the central arrow using the response box.

Comprehension questions were preceded by a 500 ms fixation
cross and remained on the screen until a response was made.
Participants responded true or false by pressing either the first
(Yes) or the fifth (No) button on the Chronos response box.
Figure 1 illustrates the structure of a representative trial. After
completing the main task, participants filled out a debriefing form
and completed the BLP and BCSP language background and CS
questionnaires.

2.4. Preprocessing

All recorded utterances were annotated by two Spanish–English bilin-
gual annotators with respect to the preregistered exclusion criteria.
Annotations focused on overall audibility, the presence and appropri-
ateness of CS, and the occurrence of pauses or self-corrections.

Trials were excluded based on the preregistered criteria. Trials
with reaction times on the Flankers that were shorter than 100 ms
or longer than 2000 ms accounted for a small proportion of
exclusions (8 trials; 0.5%).3 Trials with incorrect responses on the

Table 2. Examples of the unilingual and dense code-switching conditions

Unilingual
Spanish

El gato estuvo tirado en el suelo tomando sol y
descansando después de la cena de la tarde.

Dense code-
switching

El gato estuvo tirado on the floor tomandoQ5 sol and resting
después de la cena de la tarde.

Note: The cat was lying on the floor sunbathing and resting after the afternoon meal.

3As preregistered, no additional participant-wise SD-based trimming was
applied. As a descriptive sensitivity check, applying a participant-wise
mean ± 3-SD criterion to reciprocal RTs would have excluded 9 trials.
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Flanker task were also excluded (2 trials; 0.1%). A further set of
trials was excluded because the produced utterance did not match
the intended sentence condition, including cases where CS
occurred in unilingual Spanish sentences or failed to occur in dense
CS sentences (14 trials; 0.8%). Trials in which only a single switch
was produced in the dense CS condition were excluded as well
(45 trials; 2.6%). The largest proportion of excluded trials involved
self-corrections following an error (also referred to as backtracks),
which led to the exclusion of 275 trials (16.0%). Finally, trials were
excluded when the utterance was insufficiently clear to allow reli-
able coding (16 trials; 0.9%). The dataset initially comprised 1,712
trials. After applying all exclusion criteria, 1,368 trials (79.9%) were
retained for analysis. The number of remaining trials was very

similar across the conditions (Congruent-Dense: 338; Congruent-
Unilingual: 348; Incongruent-Dense: 342; Incongruent-Unilingual:
340), with each condition representing ~25% of the data.

3. Analysis and results

3.1. Flanker RT

Reaction times (RTs) were analyzed to assess the effects of Flanker
condition (congruent versus incongruent) and linguistic context
(dense CS versus unilingual) on Flanker performance. Mean RTs for
each condition are shown in Figure 2. Participants responded more
slowly in the incongruent condition (M= 747ms, SD= 251 forDense

Figure 2. XXX.

Figure 1. XXXQ6 .
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CS; M = 737 ms, SD = 245 for Unilingual) than in the congruent
condition in either language context (M = 624 ms, SD = 189 for
Dense CS;M = 635 ms, SD = 218 for Unilingual).

Reaction time distributions were right-skewed, with a small
number of very slow responses. A Box–Cox analysis (Box & Cox,
1964) was therefore used to identify an appropriate transformation.
The estimated parameter (λ≈!0.7) indicated that a reciprocal-type
transformation was most suitable, performing better than log or
square-root alternatives. Reaction times were thus transformed
using!1000/RT. The negative sign preserves the intuitive direction
of effects (with faster responses corresponding to larger trans-
formed values), and the scaling factor of 1000 yielded coefficients
of a more interpretable magnitude.

A linear mixed-effects model was then fitted using the lmer
function from the lme4 package (Bates et al., 2015) running in R
Version 4.4.2 (R Core Team, 2024). The model had as fixed effects:
Flanker condition, Context and their interaction. To reduce collin-
earity and facilitate interpretation of main effects, both predictors
were deviation-coded with values of!0.5 and + 0.5, with congruent
Flanker and dense CS condition being coded as negative.

Initially, the model included a maximal random-effects struc-
ture with by-participant random slopes for both main effects and
their interaction.4 However, the model failed to converge and
yielded near-zero variance estimates for some random slopes. To
achieve a stable fit, random effects with negligible contributionwere
sequentially removed until convergence was obtained, resulting in a
final model with a random intercept for participant.

All p-values were obtained using the Satterthwaite approxima-
tion from the lmerTest package (Kuznetsova et al., 2017). The final
model revealed a significant main effect of Flanker condition,
B= 0.26, SE= 0.017, t= 15.66, p < .001, confirming that incongruent
trials elicited slower responses than congruent ones. The main
effect of Context was not significant (B = !0.013, SE = 0.017,
t = !0.77, p = .44), nor was the Flanker × Context interaction
(B =!0.017, SE= 0.033, t=!0.50, p = .63). The complete outcomes
of the mixed-effects models can be found in the additional online
materials at https://osf.io/8n7eu/.

Together, these results demonstrate a reliable Flanker effect,
indicating increased processing cost in incongruent trials, but no
evidence that this effect was modulated by linguistic context. That
is, the degree of CS in the speech context did not significantly
influence participants’ performance on the Flanker task.

3.2. Flanker performance over time

Following Adler et al. (2020), we conducted an exploratory analysis
including sessionHalf (first versus secondhalf of the experiment) as a
fixed effect to test whether conflict adaptation changed over time,
under the assumption that monitoring demands might increase as
participants encountered more CS throughout the session.

The linear mixed-effects model included Flanker condition,
Context and session Half as fixed effects, as well as a random
intercept for subject. By default, session Half was treatment-coded,
with “First” coded as 0 (reference level) and “Second” coded as

1. The analysis revealed a significant main effect of session Half,
B=!0.12, SE= 0.02, t=!7.60, p < .001, indicating that participants
responded faster overall in the second half of the experiment (see
Figure 3), consistent with a within-task learning or practice effect.
The two-way interaction between Flanker condition and session
Half (B = 0.04, SE = 0.03, t = 1.33, p = .19), or between Context and
session Half (B = !0.02, SE = 0.03, t = !0.56, p = .58), was not
significant. Likewise, the three-way interaction between Flanker
condition, Context and session Half was not significant,
B =!0.05, SE = 0.07, t =!0.82, p = .41. Thus, although participants
became faster over time, there was no evidence that conflict adap-
tation either increased or decreased across the session, even as
exposure to CS accumulated.

3.3. Effects of proficiency and code-switching

Given prior evidence linking bilingual proficiency and switching
experience to cognitive control (Hofweber et al., 2020), we explored
whether individual differences in language dominance and CS
frequency modulated performance in our task. These analyses are
exploratory in nature, as the present study is not sufficiently
powered to test individual-difference effects or interactions involv-
ing these variables. No multiple comparison correction was used.

Language dominance (BLP) correlated positively with English
fluency measures (r = .33, p < .05) and negatively with Spanish
fluency (r = !.56, p < .01). Recall that a negative BLP indicates
Spanish dominance and a positive indicates English dominance, so
this correlation is in the predicated direction. Fluency tasks meas-
ure performance-based lexical retrieval, while BLP reflects meta-
cognitive judgments shaped by confidence and context. Thus, the
subjective and objective aspects are shown to be correlated. BLP and
BCSP were not correlated (r = .02, p = .90).

Centered BLP and BCSP scores were added as continuous
predictors to the main mixed-effects model, along with their inter-
actions with Flanker condition and Context. The model included a
random intercept for participant. Neither BLP nor BCSP showed
significant main effects on response times (BLP: B = !0.02,
SE = 0.06, p = .69; BCSP: B = !0.02, SE = 0.06, p = .79), nor did
they interact with Flanker condition or Context (all p > .30).

3.4. Production quality and production duration across
contexts

We also conducted exploratory analyses of production behavior,
that is, error counts and backtracks, to determine whether dense CS
affected how participants produced the experimental sentences.5

Reading aloud sentences with code-switches could involve a higher
processing cost, potentially resulting in increased errors, backtracks
or longer durations relative to unilingual production. This is com-
patible with our Hypothesis B, which states that producing dense
code-switched sentences in a reading aloud task recruits enhanced
language control. Production errors and backtracks were manually
coded on each trial and analyzed using generalized linear mixed-
effects models. In the negative binomial model, the number of
production errors did not reliably differ between dense CS and
unilingual contexts, B = 0.14, SE = 0.07, z = 1.90, p = .06. Similarly,

4Following our preregistration and the analytic approach in Kheder et al.
(2026), our initial model does not include a random intercept for items, as the
Flanker stimuli are not expected to systematically vary in difficulty across item
identities. A model including a random intercept for sentence item showed
negligible item-level variance (τ₀₀= 0.003) compared with subject-level variance
(τ₀₀ = 0.113) and did not change the pattern of fixed effects (see OSF for the
model and results).

5We define total error counts as any deviation from the original sentence,
which include backtracks. However, we did separate analysis for backtracks
because of its unique relationship to difficulties in resolving cross-language
competition, compared with other error forms such as pauses (Korko & Wil-
liams, 2017).
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using a Poisson model, the number of backtracks did not signifi-
cantly differ between contexts, B = 0.20, SE = 0.11, z = 1.86, p = .06.6

These results provide no robust evidence that reading aloud dense
CS introduces additional overt production disfluencies beyond
those observed in unilingual production.

In addition, we explored whether reading rate was different
between CS sentences and unilingual sentences. To account for
differences in sentence length, speech rate was quantified as milli-
seconds per syllable. Syllable counts for each experimental sentence
were obtained by a fluent Spanish–English bilingual annotator
through manual counting. Sentence durations were derived using
theMontreal Forced Aligner (McAuliffe et al., 2017), which aligned
each spoken utterance with its corresponding target sentence.
Silence preceding and following the articulated sentence was
excluded, yielding the duration of spoken material only. Speech rate
was then computed by dividing sentence duration (in milliseconds)
by the corresponding syllable count. Speech ratewas analyzed using a
linear mixed-effects model predicting milliseconds per syllable from
context (CS or unilingual), with random intercepts and random
slopes for context by participant and item. The model revealed a
significant main effect of context. Unilingual Spanish sentences were
articulated more quickly (M = 180.09 ms/syllable) than sentences
containing code-switches (M = 202.69 ms/syllable), showing a
21.47 ms per syllable reduction (B = !21.47, SE = 3.48, t = !6.17,
p< .001) in articulation time fromdenseCS tounilingual production.

This pattern suggests that language context influences articulation
duration, with code-switched sentences imposing greater production
demands.

4. Discussion

The current study investigated whether producing dense code-
switched sentences engages cognitive control differently from pro-
ducing unilingual sentences, and whether any such differences
carry over to performance on a subsequent non-linguistic
(domain-general) conflict task. Production-based models of CS
have proposed that different language contexts place distinctive
demands on language control mechanisms (Green & Abutalebi,
2013; Green & Wei, 2014). Specifically, it has been argued that
dense CS relies on a sustained co-activation of both languages,
reducing the reliance on repeated shifts between re-engaging and
disengaging language-level control configurations (Green & Wei,
2014). Although most prior studies have focused on comprehen-
sion rather than production, bilingual production and comprehen-
sion involve different control processes. To our knowledge, the
current study is the first to test the impact of CS production on
cognitive control using a cross-task adaptation paradigm. We
contrasted two predictions: either dense CS weakens transient
control (predicting a larger conflict effect) or it engages sustained
control (predicting a smaller conflict effect).

Contrary to both of our hypotheses, we found no evidence that
language context modulated performance on the Flanker task.
There was no language context effect: response times did not differ
following dense code-switched compared to unilingual production,
and language context did not interact with Flanker congruency.
However, we did observe the expected congruency effect, with
slower response times on incongruent than congruent trials inde-
pendent of language context. In addition, dense code-switched

Figure 3. XXX.

6Because error counts and backtracks are non-negative integers and exhibit a
skewed distribution with many zeros, we first fit a Poisson model with random
intercepts for subjects and items. This model showed substantial overdispersion
(Pearson χ2 = 1975.67, ratio = 1.16, p < .001), and therefore a negative binomial
model was adopted for error counts. On the other hand, no overdispersion was
confirmed for backtracks (Pearson χ2 = 1452.33, ratio = 0.85, p = .99), therefore
the Poisson model was used.
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sentences were articulated more slowly than unilingual sentences
after controlling for linguistic length (ms/syllable), suggesting
increased planning and coordination demands during bilingual
production.

We acknowledge that we cannot draw strong conclusions on the
basis of the null effects, but we would like to discuss two interpret-
ations of the absence of a language context effect on the Flanker
performance. First, there may not be a difference in cognitive
control engagement between CS and unilingual production in
our study. This is in line with production-based models of bilingual
language control, according to which dense CS has a limited
reliance on inhibitory regulation (Green, 2018; Green & Abutalebi,
2013).

In the present study, we observed no differences in backtrack-
ing across language contexts (unilingual Spanish versus dense
code-switched sentences). Because backtracking has been linked
to monitoring and repair processes (Korko & Williams, 2017),
the absence of context differences suggests that dense CS was
not treated as a conflict requiring additional repair or control
mechanisms. At the same time, the overall slowdown observed for
code-switched sentences does not necessarily imply increased
domain-general cognitive control demands. Instead, it may reflect
processing costs at other stages of production. One possibility is
increased phonological encoding load: switching between Spanish
and English phonological systems may require reconfiguration of
articulatory planning, leading to longer preparation times. The
slowdown may therefore arise from motor planning and articu-
latory execution rather than conflict monitoring.

Second, the observed null effect may reflect a limited sensitivity
of the cross-task adaptation paradigm to linguistic-related pro-
cesses. If control engagement is strongly context-dependent, then
adjustments made during language production may not be carried
over to a non-linguistic task with different demands. Learning-
based accounts of control predict that such generalization is limited
when tasks do not share overlapping control requirements (Nozari
et al., 2016; Zhu et al., 2025). Nozari et al. (2016) argue that
cognitive control adaptation often reflects learning at very specific
representational levels, not a generalizable upregulation of control
across different tasks. Therefore, absence of cross-task adaptation
does not simply imply absence of control, but instead that the
cognitive control that was possibly recruited for the linguistic task
may not transfer over to the following non-linguistic task, since
thesemay rely on different underlying demands. A recent extension
of the Learning-based account further emphasizes that control
learning is constrained by the specifications of the task structure
and may generalize only across domains with a possible overlap
(Zhu et al., 2025). In our case, the tasks and representations may
have been too different to affect each other.

Our results do not replicate the reduced Flanker conflict
effects reported by Adler et al. (2020), who used a similar para-
digm and population but found facilitation following intra-
sentential code-switches. However, Adler et al. conducted a
comprehension study in which sentences switched once from
Spanish to English at varying grammatical locations, whereas the
present study used dense CS stimuli with multiple switches in a
production task. Differences in switch type may matter: alterna-
tional switching more closely resembles dual-language contexts,
which have been argued to recruit greater inhibitory and switch-
ing demands, whereas dense CS may operate under an open
control mode and therefore involve limited inhibition (Green &
Wei, 2014). Similarly, Treffers-Daller (2009) proposes that alter-
national switching recruits greater cognitive control than dense

CS, with alternational switching and dense CS occupying oppos-
ite ends of the control continuum. Consistent with this possibil-
ity, comprehension-based studies in Spanish–English bilinguals
have also reported null or inconsistent conflict adaptation
following dense CS (Kheder et al., 2026). Another potential
explanation is methodological. Adler et al.’s facilitation effect
was relatively small and emerged only in the second half of the
session, raising the possibility that the original study may have
been underpowered.

Our dataset showed substantial variation in language domin-
ance across participants, with neither language clearly dominant at
the group level; yet we failed to find effects of language background
on the Flanker effects. This makes it unlikely that the null effect is
driven by systematic dominance differences, and instead points to a
possible limitation of the cross-task paradigm in capturing cogni-
tive control transfer to a domain-general task.

5. Limitations and conclusions

One limitation of the present study is that production was oper-
ationalized through reading aloud of generated sentences, which
differs from spontaneous speech. Even if the materials are made to
resemble naturally code-switched sentences, a reading aloud task
restricts participants in their word choice and may not encourage
entering the open control mode proposed by the ACH. In addition,
participants may have engaged in processing strategies and experi-
enced task demands that differ from those involved in spontaneous
conversational CS, which may have affected the observed adapta-
tion effects. Spontaneous production tasks would be better in this
respect but would be challenging to incorporate into a cross-task
adaptation paradigm.

A second limitation is the lack of a unilingual English control.
Our participants varied in the age of English acquisition and
language dominance and hence may have differed in the ease of
producing English. Even though the bilingual profile measures
(BLP, BCSP) did not have any effect in our current study, including
unilingual English sentences would have allowed for a better
assessment of the differences in production speed between the
CS condition (which included English) and the unilingual Spanish
conditions. In addition, the Flanker congruency effects could have
differed between the unilingual English and the conditions con-
taining Spanish. At the same time, adding such a unilingual
English condition would have made it necessary to include
English-to-Spanish code-switches so that participants would not
associate CS with Spanish-initial sentences only. This would have
made the study considerably longer.

Another methodological consideration concerns the absence of
a response deadline for the Flanker trials. As discussed in Kheder
et al. (2026), unrestricted responding may attenuate cognitive-
control effects that are more apparent under speeded conditions
(see also Dunaway &Weissman, 2025), potentially allowing slower
and more strategic responding that obscures transient inhibition
effects (Moretti et al., 2026).

Many prior studies on CS and cognitive control employed
comprehension tasks. The current study extends this line of
research by testing production. In line with recent comprehension-
based studies that found no or weak cross-domain adaptation
effects, we obtained no evidence that the production of code-
switches engages domain-general cognitive control differently
from the production of unilingual sentences. Our work therefore
contributes to the discussion of bilingual language control and its
complexity.
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