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Abstract: In the present study, we set out to examine the effect of background noise on
bilingual language comprehension between a person’s first language (L1) and second lan-
guage (L2). Language control systems seem to systematically engage in bilingual language
production, as evidenced by the presence of switch costs with slower responses to switch
trials than repeat trials. However, this systematic engagement does not uniformly apply to
comprehension, as the involvement of language control in bilingual comprehension may
vary depending on external contexts. In two experiments, we investigated how background
noise influenced language switching in comprehension for unbalanced Chinese–English
bilinguals. Overall, when comprehending words from two languages, participants experi-
enced significant language switch costs across all conditions, but smaller switch costs were
observed in the noise condition than in the quiet condition. However, the symmetrical pat-
terns of switch costs were not modulated by background noise. This is the first study that
supports the flexibility of bilingual language comprehension depending on the presence of
background noise, expanding the adaptive control hypothesis.
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1. Introduction
In the context of bilingual language control, the adaptive control hypothesis (ACH)

posits that the control mechanisms employed by bilingual individuals are flexible. Specif-
ically, the ACH distinguishes three types of language contexts (single-language, dual
language, and dense-code switching) and emphasizes that the control system itself ad-
justs to different processing contexts, enabling bilinguals to communicate effectively in
their intended language (Green & Abutalebi, 2013; Timmer et al., 2019). Following this
hypothesis, previous studies have found that language control is influenced by multiple
processing contexts (Declerck & Philipp, 2015; Liu et al., 2019, 2020). For example, Liu
et al. (2020) combined a language-switching task with a semantic categorization task, and
participants required bilinguals to decide if the meaning of a printed word belonged to
a warm or cold color. In the non-conflicting condition, color words were presented in
white ink (e.g., the word “yellow” in white), while the semantically related conflicting trials
presented color words in an inconsistent color with the word’s meaning (e.g., the word
“yellow” in green). The results revealed that the switch costs during bilingual language
comprehension were larger in the semantic-conflicting context than in the non-conflicting
context, supporting the influence of processing contexts on language switch costs. However,
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these studies were conducted in ideal, quiet conditions that could not be representative
of natural communication contexts, such as homes and classrooms where bilinguals are
exposed daily. Therefore, the present study examined whether bilingual language control
in comprehension was influenced by the presence of background white noise.

The language-switching task has been widely used to investigate the language control
mechanisms in the bilingual literature (Liu et al., 2019; Meuter & Allport, 1999). There
are two types of trials in such a task: the repeat trials, in which the intended languages
of two subsequent trials are the same (e.g., L1-L1, L2-L2), and the switch trials, in which
the intended languages of two subsequent trials are different (e.g., L1-L2, L2-L1). There
are two common indicators of language control: one is switch costs, which was calculated
by subtracting the latencies/accuracy of repeat trials from switch trials; another one is the
asymmetrical pattern of switch costs compared between L1 and L2 (Declerck et al., 2019; Liu
et al., 2020). The psycholinguistic literature on bilingual language comprehension is always
combined with the classical language-switching task with visually present words and a
lexical recognition task (Mosca & De Bot, 2017), a picture-sentence matching task (Philipp &
Huestegge, 2015), a semantic decision task (Liu et al., 2020; Macizo et al., 2012), or a number
categorization task (Declerck et al., 2019). For example, words from two languages are
presented across trials and require bilingual participants to categorize each word (e.g., does
the word refer to an animate or inanimate object?). It is typically found that comprehension-
based switch trials yield a worse performance than repeat trials (Declerck & Grainger, 2017;
Liu et al., 2020). For example, Mosca and De Bot (2017) examined comprehension-based
language control using a lexical decision task and revealed the presence of switch costs in
comprehension and an asymmetrical pattern of costs. Moreover, Declerck and Grainger
(2017) implemented a practice block (in pure language) prior to a mixed switch block
aiming to manipulate the relative activation of languages. The results of the language
comprehension switch revealed that when L1 words were practiced, the switch costs and
its asymmetrical pattern could be influenced. The presence of switch costs in bilingual
comprehension tasks provided empirical evidence for the engagement of language control
systems in bilingual language comprehension.

According to the Bilingual Interactive Activation model (BIA, see Grainger & Dijkstra,
1992; BIA-d, see Grainger et al., 2010), language control in bilingual comprehension exhibits
exogenous control driven by stimuli, which voluntarily triggers the target language node
(e.g., language A) and inhibits non-target language interference (e.g., language B). Thus,
when the switch trial presents a word of another language (e.g., language B) that has been
inhibited in the previous trial, more time would be needed to release inhibition, resulting
in the worse performance of the switch trial compared to the repeat trial. Moreover,
the BIA+ model emphasizes that language control in bilingual comprehension occurs in
decision systems where executive control processes are involved (Dijkstra & Van Heuven,
2002). These theoretical frameworks emphasize the importance of control processes during
language switching in comprehension.

Studies on bilingual language comprehension have yielded mixed findings. For
instance, behavioral research conducted a series of comprehension switching tasks by
manipulating several variables (e.g., stimuli), but the switch costs did not always occur in
bilingual language comprehension (Declerck et al., 2019). Furthermore, combined with
the adaptive control hypothesis (Green & Abutalebi, 2013), the processing context where
bilinguals are communicating may potentially be associated with the language control
mechanism in comprehension (Declerck et al., 2017; Gross et al., 2021; Liu et al., 2019). One
line of research linking context to language switching investigated whether semantically
related contexts influence bilingual language control (Liu et al., 2019, 2020). For example,
one study revealed that semantic-conflicting contexts influenced the switch costs and the
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level of asymmetry. This study combined the bilingual language production with the
color word Stroop. In the non-conflicting context, the non-color words were presented in
red, blue, or green (e.g., “tap” word presented in red), while in the semantic-conflicting
context, color words were presented in an inconsistent color (e.g., “green” word presented
in red). The results revealed that the semantic noise induced by the color-word Stroop
increased the switch costs compared to the non-conflicting context. Meanwhile, greater
asymmetrical switch costs in the conflicting context were observed, showing larger switch
costs in L1 than in L2 (Liu et al., 2019). Similarly, Liu and colleagues revealed the effect of
semantic-conflicting contexts on switch costs from the bilingual language comprehension
perspective (Liu et al., 2020).

The other line of research mainly linked background noise to language switching
(García et al., 2018; Gross et al., 2021). Gross et al. (2021) required bilingual children to
perform code-switching in a noise task. Children first heard single-language sentences
and code-switched sentences and then answered a yes/no question to measure language
comprehension. The quiet listening condition only presented sentences without noise,
while, in the noise condition, speech-shaped noise was added to the sentence stimuli at
a signal-to-noise ratio (SNR) of 0 dB (signal at 70 dB, noise at 70 dB). This study found
comprehension costs between single-language and code-switched sentences in the noise
condition. Moreover, one adult study employed Spanish–English bilinguals who were
highly proficient in both languages to complete a bilingual word recognition task in a
speech-shaped noise environment. The SNR was fixed at −14 dB (signal at 51 dB, noise
at 65 dB). The findings showed that speech-shaped noise also reduced the word recogni-
tion performance in proficient bilinguals but with symmetrical switch costs between two
languages (García et al., 2018). The poor performance of bilingual language switching in a
noise environment may be related to the energetic masking phenomenon, which proposes
the co-occurrence of signal and noise information hinders signal identification (Scharen-
borg & Van Os, 2019). Specifically, the presence of speech-shaped noise made the language
switching more difficult, such that bilinguals have to spend more time to process masked
speech recognition.

However, the stochastic resonance phenomenon in speech perception research pro-
poses that additional noise information can augment the detection of weak or subthreshold
speech information (Moss, 2004), such as improving sensory acuity in tone discrimination
tasks (Christensen et al., 2019), facilitating learning and memory (Rausch et al., 2014). Some
studies compared bilinguals and monolinguals in speech perception with background white
noise, and bilinguals demonstrated earlier neural responses to speech sound compared to
monolinguals in noise conditions (Bsharat-Maalouf & Karawani, 2022). Therefore, to some
extent, the neural encoding of speech in bilinguals may be more resistant to the detrimental
effect of background noise (Bsharat-Maalouf & Karawani, 2022; Moss, 2004; Rausch et al.,
2014). Additionally, it is worth noting that easier speech detection was always accompanied
by white noise without speech-like information (Bsharat-Maalouf & Karawani, 2022; Chris-
tensen et al., 2019; Rausch et al., 2014). Instead, the speech-shaped noise used in bilingual
language control research was generated with a speech-like spectrum and speech-like fluc-
tuation in amplitude (García et al., 2018; Gross et al., 2021). Thus, it is possible that bilingual
language switching in comprehension can differ between quiet listening conditions and
background white noise conditions. However, the available supportive evidence is far from
conclusive.

In the present research, our goal is to examine whether background noise influences
language control during bilingual language comprehension. We combined a traditional
language-switching task with an animacy task, where participants identified if the words
from two languages referred to something living or non-living (Declerck et al., 2019).
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The unbalanced Chinese–English bilinguals with dominant Chinese were recruited to
perform this task in a quiet condition and with background noise. In the quiet listening
conditions, all words were auditorily presented with no noise, while in the noise condition,
the target words were presented with white noise. The level of target words in both
experiments was fixed at 70 dB. The level of white noise was 75 dB (SNR = −5 dB) in
Experiment 1 but changed to 65 dB (SNR = 5 dB) in Experiment 2. According to the
adaptive control hypothesis (Green & Abutalebi, 2013), we predicted that the language
control pattern in a noisy environment would be different from previously observed
patterns in quiet conditions. Furthermore, based on the energetic masking phenomenon,
the language switching in noise would be more pronounced because the degradation
of speech cues associated with masking reduces participants’ ability to process target
words. By contrast, combined with the stochastic resonance phenomenon, the white noise,
independent of linguistic/speech sound, augments signal detection and benefits bilingual
language switching.

2. Experiment 1
2.1. Participants

The present study recruited thirty-six Chinese–English bilinguals. All participants
were self-reported right-handed adults. They had normal or corrected-to-normal audio-
vision ability. Before the experiment, all participants signed written informed consent and
completed the language background questionnaire. The local ethics committee approved
the study. We collected the age of L2 acquisition (AoA) and self-reported language profi-
ciency in listening, speaking, reading, and writing skills on a 7-point scale (1 = very poor,
7 = excellent) (see Table 1). A paired-sample t-test on the final sample consisted of thirty-one
participants and revealed that they were unbalanced bilinguals with dominant Chinese
(L1: M = 6.40, SD = 0.80; L2: M = 3.65, SD = 0.58), t = 16.99, p < 0.001.

Table 1. Means (SDs) of AoA and language proficiency in Experiment 1.

L1 L2

AoA (years) - 8.23 (3.18)
Self-reported proficiency (1–7)

Listening 6.48 (0.89) 3.55 (0.99)
Speaking 6.45 (0.92) 3.35 (0.66)
Reading 6.45 (0.81) 4.13 (0.92)
Writing 6.23 (0.88) 3.58 (0.76)

2.2. Materials

Participants performed an animacy judgment task where we required them to make
a “living/nonliving” judgment for the presented words. We selected 60 words from
the dataset of Snodgrass and Vanderwart (1980). Thirty words referred to living enti-
ties, and thirty to non-living entities. One group of Chinese–English bilinguals were re-
cruited to assess familiarity and animacy on a 5-point scale (1 = very unfamiliar/nonliving,
5 = very familiar/living). The assessment showed that they were familiar with all words
(M = 4.67, SD = 0.16). And importantly, the animacy assessment showed a significant
difference between living (M = 4.70, SD = 0.25) and nonliving conditions (M = 1.26,
SD = 0.49), t = 34.17, p < 0.001. We asked one female Chinese native speaker to record both
the Chinese and the English words. Using Praat, the recordings of Chinese and English
words were fixed at 70 dB. The intensity of white noise was fixed at 75 dB without any
linguistic information. Another group of participants was required to assess whether the
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background noise masked signal words on a 4-point scale, and this SNR (−5 dB) showed a
significant masking effect compared to quiet listening conditions (t = 7.62, p < 0.001).

2.3. Task and Procedure

Experiment 1 was designed as a 2 (condition: noise vs. quiet) × 2 (language: L1 vs.
L2) × 2 (type: repeat vs. switch) within-subject experiment. Firstly, participants were
required to familiarize themselves with the L1 and L2 picture names in order to reduce
error rates. Then, they were required to complete the language-switching task with an
animacy judgment task. The experiment consisted of a quiet block (70 dB signal with no
noise) and a noise block (70 dB signal accompanied by 75 dB noise), and the presentation
order was counterbalanced across participants. There was a total of 121 trials in each block,
where the first trial was a filler trial. Therefore, there are 30 trials for each trial type (i.e.,
L1-L1 repeat, L2-L2 repeat, L2-L1 switch, and L1-L2 switch). In each listening condition, all
trials were pseudorandomized with no more than four trials of the same type (switch or
repeat), language (L1 or L2), or animacy category in a row.

Each trial began with a fixation cross presented in the center of the screen for 500 ms,
followed by an aurally presented target word in Chinese or English. Participants were
instructed to make a “living” judgment by pressing the key “F” if the word referred to
something living (e.g., animal or plant) or part of a living thing (e.g., ear) and to make a
“non-living” judgment by pressing the key “J” if the word referred to something non-living
(e.g., chair). The response keys were counterbalanced across participants. Once a response
was given or after a maximum duration of 2000 ms, a blank screen was presented for 500 ms
prior to the next trial. Before the formal experiment, there was a practice block consisting
of 8 trials.

2.4. Data Analyses

Five participants in Experiment 1 were excluded from the final data analysis because
their accuracy was lower than 80%. Thus, the final sample consisted of thirty-one partici-
pants (18 females) with an average age of 19.52 years old (SD = 1.43). The response times
(RTs) in the language-switching task were analyzed using frequentist analyses and Bayesian
regression analyses. RTs were log-transformed as dependent variables. For frequentist
analyses, the linear mixed-effects models were conducted in R using the lme4 package
(Bates et al., 2015). The fixed effects included condition (quiet, noise), language (L1, L2),
type (repeat, switch), and their full interactions with subjects and items as random effects.
All variables were sum-contrast-coded (i.e., −0.5 for quiet and 0.5 for noise; −0.5 for L1
and 0.5 for L2; −0.5 for repeat and 0.5 for switch).

The Bayesian regression analyses with multilevel Bayesian regression modeling were
also conducted on response times in R using the brms package (Bürkner, 2017). For Bayesian
regression analyses, our modeling contained the same fixed effects as the frequentist
analyses but used a maximal random effects structure, which often fails to converge in
frequentist analyses. A key advantage of Bayesian regression modeling over frequentist
analyses is that it presents the whole posterior probability distribution of each effect rather
than only a binary test for the null hypothesis. There are two common indicators in
Bayesian models: credibility intervals and evidence ratios in favor of a directional hypothesis.
Evidence ratios of 19 are interpreted as significant at α = 0.05 for a given hypothesis (Milne
& Herff, 2020), with those larger than 30 representing “very strong” evidence (Escudero
et al., 2020). Meanwhile, if the 95% credibility interval does not contain zero (i.e., less than
2.5% of the posterior distribution located on the other side of zero), a given hypothesis
could also be viewed as “significant” at an α = 0.05 level (Milne & Herff, 2020). Moreover,
Bayesian regression modeling also incorporates prior knowledge. Largely in line with
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previous relevant studies, we used weakly informative priors that constrained the models
to psycholinguistically plausible parameter estimates (Gelman, 2020; Lago et al., 2023).
The priors for fixed effects followed a normal distribution of N (0, 1). We derived the
posterior distributions based on the Hamiltonian Monte Carlo with four Markov chains of
10,000 iterations each, including 1000 warm-up iterations. All parameters had a Gelman–
Rubin statistic Rhat equal to 1.00. Prior to analyses, we excluded trials with error responses,
trials faster than 200 ms, and RTs more than 2.5 standard deviations (SDs) from the mean
(Coumel et al., 2024; Jiang et al., 2024).

2.5. Results
2.5.1. Frequentist Analyses on Experiment 1

Figure 1 and Table 2 present RTs of the language switching task in the quiet/noise
conditions of Experiment 1. The fixed effects of the RTs model included condition, lan-
guage, type, and interactions; the random effects included the by-subject random slope for
condition and language and the by-item random slope for condition. Table 3 presents the
fixed effects structure for the linear mixed-effect model in Experiment 1. The main effect
of this condition was significant, with slower responses in the noise condition than in the
quiet condition; the significant main effect of language showed slower responses in L2
words compared to L1 words; and the significant main effect of the types showed that the
RTs in switch trials were slower than in repeat trials.
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Table 2. RTs and switch costs (SDs) in Experiment 1.

L1 L2

Repeat Switch Switch
Costs Repeat Switch Switch

Costs

quiet 910.94
(87.54)

941.46
(92.20)

30.53
(44.63)

1092.98
(91.96)

1144.65
(108.59)

51.68
(47.72)

noise 1004.98
(100.86)

1017.53
(103.70)

12.55
(49.64)

1109.96
(122.54)

1123.87
(122.89)

13.91
(41.95)
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Table 3. Estimates of fixed effects for the linear mixed-effect model in Experiment 1.

Fixed Effects Estimated SE t p

(intercept) 0.06 0.07 0.93 0.35
condition 0.19 0.07 2.75 <0.01
language 0.63 0.08 7.85 <0.01
type 0.16 0.03 4.93 <0.01
condition × language −0.34 0.10 −3.52 <0.01
condition × type −0.23 0.06 −3.48 <0.01
language × type 0.08 0.06 1.23 0.22
condition × language × type −0.28 0.13 −2.17 0.03

In addition, the two-way interaction of condition × language was significant, showing
a smaller difference between the two languages for the noise condition than in the quiet
condition. The significant interaction of condition × type showed a smaller switch cost
(i.e., the difference between switch and repeat trials) for the noise condition than in the
quiet condition. Despite the fact that the two-way interaction between language and type
was not significant, the three-way interaction reached significant levels. Further analysis
revealed that the switch costs between L1 and L2 were a symmetrical pattern in the noise
condition (Estimated = −0.05, SE = 0.10, t = −0.53, p = 0.59), whereas in the quiet condition,
the switch costs were an asymmetrical pattern of L1 and L2 (Estimated = 0.22, SE = 0.09,
t = 2.40, p = 0.02).

2.5.2. Bayesian Analyses on Experiment 1

Table 4 summarizes the results of the Bayesian analyses on the RTs of Experiment 1.
In line with the findings from the frequentist analyses, we observed the significant main
effects of the condition (ER = 366.35, PP = 1.00), language (ER > 9999, PP = 1.00), and type
(ER = 30.80, PP = 0.97). Meanwhile, the two-way interactions of condition × language
(ER = 2768.23, PP = 1.00) and of condition × type (ER = 44.63, PP = 0.98) both reached a
significant level. Interestingly, the three-way interaction (condition × language × type) was
not significant (ER = 8.62, PP = 0.90), with the 95% CI containing zero (see Appendix A).

Table 4. Summary of the directional hypothesis for the effects in Experiment 1.

Family: Gaussian
Links: mu = identity
Formula: RT ~ condition × type × language + (condition × type × language|participant)
+ (condition × type × language|item)
Data: Experiment 1 data
Samples: 4 chains, each with iter = 10,000; warmup = 1000; thin = 1;
total post-warmup samples = 36,000

Hypothesis Estimated SE 95% CI Evid.
Ratio

Post.
Prob Star

condition > 0 0.20 0.07 0.08 0.32 366.35 1.00 *
language > 0 0.63 0.09 0.49 0.77 >9999 1.00 *
type > 0 0.10 0.05 0.01 0.18 30.80 0.97 *
condition × language < 0 −0.33 0.10 −0.49 −0.17 2768.23 1.00 *
condition × type < 0 −0.18 0.09 −0.33 −0.03 44.63 0.98 *
language × type < 0 0.04 0.10 −0.12 0.20 0.56 0.36
condition × language × type < 0 −0.23 0.18 −0.52 0.07 8.62 0.90

Note: Columns from left to right: the hypothesis being tested; the estimated mean of the standardized effect; the
standard error; the 95% credibility interval; the evidence ratio in favor of the hypothesis; the posterior probability
for the hypothesis; and a star, if 0 lies outside the 95% CI.
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2.6. Discussion of Experiment 1

Experiment 1 first showed the main effect of type, suggesting that the unbalanced
Chinese–English bilinguals experienced switch costs during bilingual language compre-
hension. The presence of switch costs was consistent with previous research revealing
switch costs in auditory comprehension tasks (Coumel et al., 2024; Liu et al., 2020), as
opposed to some findings of no switch costs (Declerck et al., 2019). More importantly,
we observed that the background noise affected the switch costs in bilingual language
comprehension, as evidenced by the significant interaction between condition and type.
Specifically, the switch costs with the presence of white noise were smaller than those
in a quiet condition, which can be explained by the stochastic resonance phenomenon.
Based on the stochastic resonance phenomenon, additional information, such as the white
noise in the present study, could augment the detection of a weak speech stream (Moss,
2004). Therefore, the presence of white noise might increase sensory acuity and benefit
signal detection. Consequently, participants could be more sensitive to perceiving and
recognizing the signal information (i.e., target words).

Previous research on speech perception in noise always included two or more levels
of signal-to-noise ratios (SNRs). For example, Wong et al. (2008) required adults to identify
single words in a quiet condition, a moderately loud noise condition (SNR at 20 dB), and
a loud noise condition (SNR at −5 dB). Moreover, Piccinini and Garellek (2014) asked
participants to hear single-language sentences and code-switching sentences with the
presence of white noise at four SNR conditions, including −6, −3, 0, and 3 dB. Based on
these studies, we further investigated bilingual language control in comprehension with a
different SNR condition, where the signal intensity was fixed at 70 dB, which is the same as
Experiment 1, but the noise intensity changed to 65 dB.

3. Experiment 2
3.1. Participants

Another group of 35 Chinese–English bilinguals participated in Experiment 2. All par-
ticipants had a normal or corrected-to-normal audio–vision ability. The same as Experiment
1, we collected participants’ language background in L2 AoA and language proficiency
(see Table 5). A paired-sample t-test between L1 and L2 revealed that participants of Exper-
iment 2 were also unbalanced bilinguals with dominant Chinese (L1: M = 6.33, SD = 0.75;
L2: M = 3.88, SD = 0.67), t = 13.44, p < 0.001. Moreover, we conducted the independent-
sample t-tests for each language skill between Experiment 1 and 2, and the t values for the
comparison of participants’ language background between Experiment 1 and Experiment
2 were not significantly different (p > 0.05).

Table 5. The means (SDs) of AoA and language proficiency in Experiment 2.

Experiment 2 Independent-Samples t-Test

L1 L2 L1 L2

AoA(years) - 7.76 (1.88) - 0.69
Self-reported

proficiency (1–7)
Listening 6.48 (0.73) 3.96 (1.08) 0.05 −1.55
Speaking 6.31 (0.85) 3.55 (0.83) 0.61 −1.50
Reading 6.45 (0.78) 4.28 (1.03) 0.02 −0.58
Writing 6.07 (0.99) 3.72 (0.96) 0.65 −0.64

Note: independent-sample t-test = the t values for the comparison of participants’ language background between
Experiment 1 and Experiment 2.
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3.2. Material and Task

The experimental materials and procedures of Experiment 2 were the same as those in
Experiment 1, but the noise condition was changed to a signal intensity of 70 dB with a
white noise background of 65 dB. The assessment of whether the background noise masked
signal words also revealed a significant masking effect (t = 4.13, p = 0.001).

3.3. Data Analyses

Six participants were excluded because their accuracy was lower than 80%, leaving
twenty-nine participants entering the final analyses (13 females) with an average age of
20.10 years old (SD = 0.99). The RTs in Experiment 2 were analyzed using frequentist
analyses and Bayesian regression analyses, which are the same as that of Experiment 1.

3.4. Results
3.4.1. Frequentist Analyses of Experiment 2

The RTs of the language switching task in the quiet and noisy conditions of Experiment
2 are presented in Figure 2 and Table 6. The fixed effects of the RTs model included condition,
language, type, and interactions; the random effects included the by-subject random slope
for condition and language and the by-item random slope for condition and type. Table 7
summarizes the fixed effects structure for the linear mixed-effect model in Experiment
2. Despite the fact that there was no main effect of the condition, the main effects of
language and type were both significant. Moreover, the interaction of condition × type was
significant, showing a smaller switch cost in the noise condition than in the quiet condition.
The significant interaction of condition × language showed that differences in RTs between
the two languages were smaller in the noise condition than in the quiet condition. The
three-way interaction was not significant, suggesting that the switch costs between L1 and
L2 were symmetrical in quiet and noisy conditions.
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Table 6. RTs and switch costs (SDs) in Experiment 2.

L1 L2

Repeat Switch Switch
Costs Repeat Switch Switch

Costs

quiet 939.14
(91.80)

972.80
(101.40)

33.67
(45.03)

1159.66
(117.21)

1216.62
(131.74)

56.96
(61.94)

noise 979.75
(102.31)

977.48
(101.41)

−2.28
(43.77)

1136.38
(135.25)

1160.99
(126.28)

24.62
(47.91)

Table 7. Estimates of fixed effects for linear mixed-effect model in Experiment 2.

Fixed Effects Estimated SE t p

(intercept) 0.06 0.08 0.80 0.43
condition −0.01 0.06 −0.05 0.96
language 0.79 0.09 8.92 <0.01

type 0.15 0.04 3.40 <0.01
condition × language −0.22 0.07 −3.13 <0.01

condition × type −0.21 0.07 −3.05 <0.01
language × type 0.10 0.09 1.18 0.24

condition × language × type −0.02 0.14 −0.13 0.90

3.4.2. Bayesian Analyses of Experiment 2

Table 8 summarizes the results of the Bayesian analyses on the RTs of Experiment 2. In
line with the findings from the frequentist analyses, the main effects of language (ER > 9999,
PP = 1.00) and type (ER = 492.15, PP = 1.00) were significant but absent in the main effect of
the condition (ER = 0.74, PP = 0.43). Moreover, the two-way interactions of condition ×
language (ER = 115.88, PP = 0.99) and of condition × type (ER = 100.98, PP = 0.99) both
reached significant levels. The two-way interaction (language × type, ER = 0.19, PP = 0.16)
and the three-way interaction (condition × language × type, ER = 1.44, PP = 0.59) were not
significant, with 95% CIs containing zero (see Appendix B).

Table 8. Summary of the directional hypothesis for the effects in Experiment 2.

Family: Gaussian
Links: mu = identity
Formula: RT ~ condition × type × language + (condition × type × language|participant)
+ (condition × type × language|item)
Data: Experiment 2 data
Samples: 4 chains, each with iter = 10,000; warmup = 1000; thin = 1;
total post-warmup samples = 36,000

Hypothesis Estimated SE 95% CI Evid.
Ratio

Post.
Prob Star

condition > 0 −0.01 0.07 −0.12 0.10 0.74 0.43
language > 0 0.78 0.09 0.63 0.94 >9999 1.00 *
type > 0 0.13 0.04 0.06 0.21 492.15 1.00 *
condition × language < 0 −0.19 0.08 −0.33 −0.06 115.88 0.99 *
condition × type < 0 −0.20 0.08 −0.34 −0.06 100.98 0.99 *
language × type < 0 0.09 0.09 −0.06 0.23 0.19 0.16
condition × language × type < 0 −0.04 0.17 −0.31 0.24 1.44 0.59

Note: Columns from left to right: the hypothesis being tested; the estimated mean of the standardized effect; the
standard error; the 95% credibility interval; the evidence ratio in favor of the hypothesis; the posterior probability
for the hypothesis; and a star, if 0 lies outside the 95% CI.
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3.5. Discussion of Experiment 2

Experiment 2 showed the significant effect of type, in line with Experiment 1, indicat-
ing the occurrence of switch costs during bilingual language comprehension tasks (Coumel
et al., 2024; Olson, 2017). Moreover, the significant interaction between condition and
type provided further evidence for the effect of background noise, showing a reduced
switch cost in the noise condition relative to the quiet condition. However, inconsistent
with Experiment 1, the main effect of the condition was not significant in Experiment 2.
Combined with the energetic masking phenomenon (Scharenborg & Van Os, 2019), the
weaker noise compared to signal information might not hinder target word identification,
showing parallel response speeds across noisy and quiet conditions.

4. General Discussion
Across two experiments, this study examined whether and how background noise

influenced language switching in comprehension. To achieve this, unbalanced Chinese–
English bilinguals performed an animacy judgment task where words from two languages
were presented across trials. The SNR was different between the two experiments. It was
fixed at −5 dB (75 dB for noise and 70 dB for signal) in Experiment 1, whereas it was
fixed at 5 dB in Experiment 2 (65 dB for noise and 70 dB for signal). Overall, we found
that Chinese–English bilinguals experienced significant switch costs across quiet listening
conditions and background noise conditions. Moreover, there was strong evidence for the
background noise effect on bilingual language comprehension, showing that background
noise reduced the switch costs in comprehension relative to the quiet condition through
two experiments. However, there was no consistent evidence for the background noise
effect on the asymmetrical pattern between L1 and L2 switch costs.

The presence of switch cost in comprehension was in line with the models of bilingual
word recognition postulating non-selective lexical access in bilingual language compre-
hension (BIA+, see Dijkstra & Van Heuven, 2002; BIA-d, see Grainger et al., 2010). During
bilingual language comprehension, the lexical candidates from two languages were both
activated and competed for selection and recognition (Thierry & Wu, 2007). Specifically,
the activation of a particular language node allowed for the selection of words in that
language while inhibiting words in other languages. As specified in the Bilingual Inter-
active Activation (BIA) model, there is a top-down control from language nodes within
the language system in bilingual word comprehension (Dijkstra & Van Heuven, 1998).
Thus, when it comes to switching trials (e.g., from L1 to L2), the recognition of the current
target language (L2), which was inhibited in previous trials, could consume more cognitive
resources to perform correctly compared to repeat trials, resulting in the occurrence of
switch costs. The switch costs during bilingual language comprehension also appeared
in previous empirical studies (Coumel et al., 2024; Olson, 2017). For example, in the first
experiment of the Aparicio and Lavaur study (Aparicio & Lavaur, 2014), French–English
bilinguals responded slower to switch trials than repeat trials in a lexical decision task.

More importantly, our study revealed that background white noise influenced switch
control during bilingual language comprehension. Two experiments with different noise
intensities consistently showed that, compared to a quiet listening environment, the switch
costs in language comprehension switching tasks were reduced in the white noise condition.
The adaptive control hypothesis distinguishes three language contexts and emphasizes
that the language control system in bilinguals can adapt to these varied language contexts
(Green & Abutalebi, 2013). Incorporating non-linguistic information (i.e., the white noise)
into the adaptive control hypothesis, our findings extend the adaptive control hypothesis
into more naturalistic settings where bilinguals are exposed daily. In the present study, the
quiet and noise conditions both involved two languages, and participants had to resolve
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the interference between these two languages in order to avoid cross-language intrusion
errors. Importantly, the presence of white noise increased the interference control demand,
thus triggering the engagement of additional cognitive processes for bilingual language
comprehension.

However, the patterns of results in the white noise condition were inconsistent with
some previous studies (Liu et al., 2020). For example, despite Liu et al. (2020) also found
the adaptive changes in language control mechanisms, the effect of conflicting information
was opposite to our findings, showing a higher switch cost in the conflicting condition.
The discrepancy between our study and Liu et al. (2020) may be associated with the type
of noise information. Liu et al. (2020) manipulated conflicting conditions through the
semantic conflicts between the meaning and ink color of target color words, providing lin-
guistically related noise information on bilingual language comprehension. By contrast, the
background white noise as conflicting information in the present study was not involved
in semantic processing. Furthermore, from the perceptual processing perspective, the pres-
ence of white noise might benefit sensory acuity and improve signal detection (Christensen
et al., 2019) (see stochastic resonance phenomenon (Moss, 2004). For switch trials (e.g.,
from L1 to L2), individuals in noise conditions could be more sensitive to recognizing
the target language (e.g., L2), which is at a relatively lower activation level (due to the L1
overactivation in the previous trial). Therefore, there is less time for the target language to
reach the activation threshold and make animacy judgments, reducing the switch costs in
noise conditions. Therefore, such variations might lead to discrepancy effects of conflicting
information on the switch costs in comprehension.

The other core question in the present study focused on the asymmetrical patterns of
comprehension-based switch costs in quiet versus noise conditions. Experiment 1 showed
a numerically higher switch cost in L2 than in L1; however, the more rigorous analysis by
Bayesian regression revealed a symmetrical pattern between L1 and L2, as evidenced by
the absent three-way interaction between condition, language, and type. This symmetry
can be driven by the improved sensory acuity, facilitating signal detection and the engaged
cognitive control benefiting inhibition release (Christensen et al., 2019; Moss, 2004; Rausch
et al., 2014). Furthermore, we observed the main effect of the condition and the interaction
between the condition and language. To some extent, these findings were in line with
our hypothesis because the presence of noise could interfere with the overall response
speed. Given the unbalanced bilinguals employed in the present study, the less dominant
L2 possibly further hindered speed judgment, resulting in slower response times in L2
compared to L1 (Costa et al., 2006). However, noise effects on overall comprehension
performance were only observed in Experiment 1, with the significant main effect of the
condition variable, which was not found in Experiment 2. Garcia and colleagues (2018) also
revealed that speech-shaped noise reduced word recognition performance in bilinguals.
In line with Experiment 1 in the present study, the SNR in Garcia’s study was fixed at
−14 dB (signal at 51 dB, noise at 65 dB), where the noise intensity was larger than the signal
intensity. Combined with the masking phenomenon (Scharenborg & Van Os, 2019), the
presence of noise information may hinder signal perception and identification. On the
other hand, in Experiment 2, the weaker noise intensity may be inadequate to mask target
signals, resulting in a similar performance in overall response speed between quiet and
noise conditions.

One limitation of the present study is that two SNR settings were operated between
two groups of participants. Despite there being no significant differences between partici-
pants in their language background, it would be better to examine the SNR effects using
a within-participant design in future studies. Moreover, the present study manipulated
the SNR by increasing or decreasing 5 dB relative to a single intensity. Given the masking
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phenomenon, it is unclear whether the greater SNR could trigger the interfering effect of
white noise on bilingual language control.

5. Conclusions
In sum, our data showed the effect of background noise on switch costs in compre-

hension, but an absent effect on the asymmetrical pattern between L1 and L2 costs was
observed. This suggests that, at least for some bilinguals, language control does engage
in bilingual language comprehension, supported by the stable presence of switch costs.
Importantly, the switch costs during bilingual language comprehension could be affected
by the presence of white noise. For all we know, the present study is the first to observe
the switch costs in comprehension with a white noise background where bilinguals are
often communicating. These findings support and expand the adaptive control hypothesis
(Green & Abutalebi, 2013).

Author Contributions: Conceptualization, L.J. and C.L.; methodology, Z.W. and X.D.; formal analysis,
X.D.; investigation, Z.W. and X.D.; writing—original draft preparation, Z.W. and X.D.; writing—
review and editing, Y.Y., L.J. and C.L.; supervision, L.J. and C.L.; funding acquisition, L.J. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (62107024),
the Natural Science Foundation of Shandong Province (ZR2021QF012), and the Young Innovative
Research Team in Shandong Higher Education Institutions in China (2022RW030).

Institutional Review Board Statement: This study was approved by the ethics committee of Qingdao
University (QDU-HEC-2023076 on 1 March 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data in this study are available from the corresponding authors
upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.



Behav. Sci. 2025, 15, 60 14 of 17

Appendix A

Behav. Sci. 2024, 14, x FOR PEER REVIEW  13  of  16 
 

Appendix A 

  

Figure A1. Visualization of the posterior distribution of Experiment 1. 

   

Figure A1. Visualization of the posterior distribution of Experiment 1.



Behav. Sci. 2025, 15, 60 15 of 17

Appendix B

Behav. Sci. 2024, 14, x FOR PEER REVIEW  14  of  16 
 

Appendix B 

  

Figure A2. Visualization of the posterior distribution of Experiment 2. 

References 

1. Green, D.W.; Abutalebi, J. Language Control in Bilinguals: The Adaptive Control Hypothesis. J. Cogn. Psychol. 2013, 25, 515–

530. 

2. Timmer, K.; Christoffels, I.K.; Costa, A. On the Flexibility of Bilingual Language Control: The Effect of Language Context. Biling. 

Lang. Cogn. 2019, 22, 555–568. 

3. Declerck, M.; Philipp, A.M. A Review of Control Processes and Their Locus in Language Switching. Psychon. Bull. Rev. 2015, 22, 

1630–1645. 

Figure A2. Visualization of the posterior distribution of Experiment 2.

References
Aparicio, X., & Lavaur, J.-M. (2014). Recognising words in three languages: Effects of language dominance and language switching.

International Journal of Multilingualism, 11(2), 164–181. [CrossRef]
Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models using lme4. Journal of Statistical Software, 67,

1–48. [CrossRef]
Bsharat-Maalouf, D., & Karawani, H. (2022). Bilinguals’ speech perception in noise: Perceptual and neural associations. PLOS ONE,

17(2), e0264282. [CrossRef] [PubMed]
Bürkner, P.-C. (2017). Advanced Bayesian multilevel modeling with the R package brms. The R Journal, 10, 395–411. [CrossRef]
Christensen, R. K., Lindén, H., Nakamura, M., & Barkat, T. R. (2019). White noise background improves tone discrimination by

suppressing cortical tuning curves. Cell Reports, 29(7), 2041–2053. [CrossRef] [PubMed]

https://doi.org/10.1080/14790718.2013.783583
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1371/journal.pone.0264282
https://www.ncbi.nlm.nih.gov/pubmed/35196339
https://doi.org/10.32614/RJ-2018-017
https://doi.org/10.1016/j.celrep.2019.10.049
https://www.ncbi.nlm.nih.gov/pubmed/31722216


Behav. Sci. 2025, 15, 60 16 of 17

Costa, A., Santesteban, M., & Ivanova, I. (2006). How do highly proficient bilinguals control their lexicalization process? Inhibitory and
language-specific selection mechanisms are both functional. Journal of Experimental Psychology: Learning, Memory, and Cognition,
32(5), 1057–1074. [CrossRef]

Coumel, M., Liu, C., Trenkic, D., & De Bruin, A. (2024). Do accent and input modality modulate processing of language switches
in bilingual language comprehension? Journal of Experimental Psychology: Human Perception and Performance, 50(4), 395–415.
[CrossRef]

Declerck, M., & Grainger, J. (2017). Inducing asymmetrical switch costs in bilingual language comprehension by language practice.
Acta Psychologica, 178, 100–106. [CrossRef]

Declerck, M., & Philipp, A. M. (2015). A review of control processes and their locus in language switching. Psychonomic Bulletin &
Review, 22(6), 1630–1645. [CrossRef]

Declerck, M., Koch, I., Duñabeitia, J. A., Grainger, J., & Stephan, D. N. (2019). What absent switch costs and mixing costs during
bilingual language comprehension can tell us about language control. Journal of Experimental Psychology: Human Perception and
Performance, 45(6), 771–789. [CrossRef] [PubMed]

Declerck, M., Lemhöfer, K., & Grainger, J. (2017). Bilingual language interference initiates error detection: Evidence from language
intrusions. Bilingualism: Language and Cognition, 20(5), 1010–1016. [CrossRef]

Dijkstra, T., & Van Heuven, W. J. B. (1998). The BIA model and bilingual word recognition. In Localist connectionist approaches to human
cognition (pp. 189–225). Lawrence Erlbaum Associates Publishers.

Dijkstra, T., & Van Heuven, W. J. B. (2002). The architecture of the bilingual word recognition system: From identification to decision.
Bilingualism: Language and Cognition, 5(3), 175–197. [CrossRef]

Escudero, P., Jones Diaz, C., Hajek, J., Wigglesworth, G., & Smit, E. A. (2020). Probability of heritage language use at a supportive early
childhood setting in Australia. Frontiers in Education, 5, 93. [CrossRef]

García, P. B., Leibold, L., Buss, E., Calandruccio, L., & Rodriguez, B. (2018). Code-switching in highly proficient Spanish/English
bilingual adults: Impact on masked word recognition. Journal of Speech, Language, and Hearing Research, 61(9), 2353–2363.
[CrossRef]

Gelman, A. (2020). Prior choice recommendations. Available online: https://github.com/stan-dev/stan/wiki/Prior-Choice-Recommendations
(accessed on 17 October 2024).

Grainger, J., & Dijkstra, T. (1992). On the representation and use of language information in bilinguals. In Advances in psychology (Vol.
83, pp. 207–220). Elsevier. [CrossRef]

Grainger, J., Midgley, K., & Holcomb, P. J. (2010). Chapter 14. Re-thinking the bilingual interactive-activation model from a develop-
mental perspective (BIA-d). In M. Kail, & M. Hickmann (Eds.), Language acquisition and language disorders (Vol. 52, pp. 267–283).
John Benjamins Publishing Company. [CrossRef]

Green, D. W., & Abutalebi, J. (2013). Language control in bilinguals: The adaptive control hypothesis. Journal of Cognitive Psychology,
25(5), 515–530. [CrossRef] [PubMed]

Gross, M. C., Patel, H., & Kaushanskaya, M. (2021). Processing of code-switched sentences in noise by bilingual children. Journal of
Speech, Language, and Hearing Research, 64(4), 1283–1302. [CrossRef]

Jiang, S., Meng, Y., & Chen, B. (2024). The impact of emotional states on bilingual language control in cued and voluntary switching
contexts. Journal of Memory and Language, 137, 104527. [CrossRef]

Lago, S., Stone, K., Oltrogge, E., & Veríssimo, J. (2023). Possessive processing in bilingual comprehension. Language Learning, 73(3),
904–941. [CrossRef]

Liu, C., Jiao, L., Wang, Z., Wang, M., Wang, R., & Wu, Y. J. (2019). Symmetries of bilingual language switch costs in conflicting versus
non-conflicting contexts. Bilingualism: Language and Cognition, 22(3), 624–636. [CrossRef]

Liu, C., Timmer, K., Jiao, L., & Wang, R. (2020). Symmetries of comprehension-based language switch costs in conflicting versus
non-conflicting contexts. International Journal of Bilingualism, 24(4), 588–598. [CrossRef]

Macizo, P., Bajo, T., & Paolieri, D. (2012). Language switching and language competition. Second Language Research, 28(2), 131–149.
[CrossRef]

Meuter, R. F. I., & Allport, A. (1999). Bilingual language switching in naming: Asymmetrical costs of language selection. Journal of
Memory and Language, 40(1), 25–40. [CrossRef]

Milne, A. J., & Herff, S. A. (2020). The perceptual relevance of balance, evenness, and entropy in musical rhythms. Cognition, 203,
104233. [CrossRef]

Mosca, M., & De Bot, K. (2017). Bilingual language switching: Production vs. recognition. Frontiers in Psychology, 8, 934. [CrossRef]
Moss, F. (2004). Stochastic resonance and sensory information processing: A tutorial and review of application. Clinical Neurophysiology,

115(2), 267–281. [CrossRef] [PubMed]
Olson, D. J. (2017). Bilingual language switching costs in auditory comprehension. Language, Cognition and Neuroscience, 32(4), 494–513.

[CrossRef]

https://doi.org/10.1037/0278-7393.32.5.1057
https://doi.org/10.1037/xhp0001190
https://doi.org/10.1016/j.actpsy.2017.06.002
https://doi.org/10.3758/s13423-015-0836-1
https://doi.org/10.1037/xhp0000627
https://www.ncbi.nlm.nih.gov/pubmed/30920253
https://doi.org/10.1017/S1366728916000845
https://doi.org/10.1017/S1366728902003012
https://doi.org/10.3389/feduc.2020.00093
https://doi.org/10.1044/2018_JSLHR-H-17-0399
https://github.com/stan-dev/stan/wiki/Prior-Choice-Recommendations
https://doi.org/10.1016/S0166-4115(08)61496-X
https://doi.org/10.1075/lald.52.18gra
https://doi.org/10.1080/20445911.2013.796377
https://www.ncbi.nlm.nih.gov/pubmed/25077013
https://doi.org/10.1044/2020_JSLHR-20-00388
https://doi.org/10.1016/j.jml.2024.104527
https://doi.org/10.1111/lang.12556
https://doi.org/10.1017/S1366728918000494
https://doi.org/10.1177/1367006919848487
https://doi.org/10.1177/0267658311434893
https://doi.org/10.1006/jmla.1998.2602
https://doi.org/10.1016/j.cognition.2020.104233
https://doi.org/10.3389/fpsyg.2017.00934
https://doi.org/10.1016/j.clinph.2003.09.014
https://www.ncbi.nlm.nih.gov/pubmed/14744566
https://doi.org/10.1080/23273798.2016.1250927


Behav. Sci. 2025, 15, 60 17 of 17

Philipp, A. M., & Huestegge, L. (2015). Language switching between sentences in reading: Exogenous and endogenous effects on eye
movements and comprehension. Bilingualism: Language and Cognition, 18(4), 614–625. [CrossRef]

Piccinini, P. E., & Garellek, M. (2014). Cross language speech-in-noise perception by early Spanish-English bilinguals and English
monolinguals. The Journal of the Acoustical Society of America, 135(4), 2352–2352. [CrossRef]

Rausch, V. H., Bauch, E. M., & Bunzeck, N. (2014). White noise improves learning by modulating activity in dopaminergic midbrain
regions and right superior temporal sulcus. Journal of Cognitive Neuroscience, 26(7), 1469–1480. [CrossRef] [PubMed]

Scharenborg, O., & Van Os, M. (2019). Why listening in background noise is harder in a non-native language than in a native language:
A review. Speech Communication, 108, 53–64. [CrossRef]

Snodgrass, J. G., & Vanderwart, M. (1980). A standardized set of 260 pictures: Norms for name agreement, image agreement, familiarity,
and visual complexity. Journal of Experimental Psychology: Human Learning and Memory, 6(2), 174–215. [CrossRef] [PubMed]

Thierry, G., & Wu, Y. J. (2007). Brain potentials reveal unconscious translation during foreign-language comprehension. Proceedings of
the National Academy of Sciences, 104(30), 12530–12535. [CrossRef] [PubMed]

Timmer, K., Christoffels, I. K., & Costa, A. (2019). On the flexibility of bilingual language control: The effect of language context.
Bilingualism: Language and Cognition, 22(3), 555–568. [CrossRef]

Wong, P. C. M., Uppunda, A. K., Parrish, T. B., & Dhar, S. (2008). Cortical mechanisms of speech perception in noise. Journal of Speech,
Language, and Hearing Research, 51(4), 1026–1041. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1017/S1366728914000753
https://doi.org/10.1121/1.4877732
https://doi.org/10.1162/jocn_a_00537
https://www.ncbi.nlm.nih.gov/pubmed/24345178
https://doi.org/10.1016/j.specom.2019.03.001
https://doi.org/10.1037/0278-7393.6.2.174
https://www.ncbi.nlm.nih.gov/pubmed/7373248
https://doi.org/10.1073/pnas.0609927104
https://www.ncbi.nlm.nih.gov/pubmed/17630288
https://doi.org/10.1017/S1366728918000329
https://doi.org/10.1044/1092-4388(2008/075)
https://www.ncbi.nlm.nih.gov/pubmed/18658069

	Introduction 
	Experiment 1 
	Participants 
	Materials 
	Task and Procedure 
	Data Analyses 
	Results 
	Frequentist Analyses on Experiment 1 
	Bayesian Analyses on Experiment 1 

	Discussion of Experiment 1 

	Experiment 2 
	Participants 
	Material and Task 
	Data Analyses 
	Results 
	Frequentist Analyses of Experiment 2 
	Bayesian Analyses of Experiment 2 

	Discussion of Experiment 2 

	General Discussion 
	Conclusions 
	Appendix A
	Appendix B
	References

