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Differential Neurobehavioral Effects
of Cross-Modal Selective Priming

on Phonetic and Emotional
Prosodic Information in Late
Second Language Learners
Chieh Kaoa and Yang Zhanga,b
Purpose: Spoken language is inherently multimodal and
multidimensional in natural settings, but very little is known
about how second language (L2) learners undertake
multilayered speech signals with both phonetic and
affective cues. This study investigated how late L2
learners undertake parallel processing of linguistic and
affective information in the speech signal at behavioral
and neurophysiological levels.
Method: Behavioral and event-related potential measures
were taken in a selective cross-modal priming paradigm to
examine how late L2 learners (N = 24, Mage = 25.54 years)
assessed the congruency of phonetic (target vowel: /a/ or
/i/) and emotional (target affect: happy or angry) information
between the visual primes of facial pictures and the auditory
targets of spoken syllables.
Results: Behavioral accuracy data showed a significant
congruency effect in affective (but not phonetic) priming.
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Unlike a previous report on monolingual first language (L1)
users, the L2 users showed no facilitation in reaction time
for congruency detection in either selective priming task.
The neurophysiological results revealed a robust N400
response that was stronger in the phonetic condition but
without clear lateralization and that the N400 effect was
weaker in late L2 listeners than in monolingual L1 listeners.
Following the N400, late L2 learners showed a weaker
late positive response than the monolingual L1 users,
particularly in the left central to posterior electrode regions.
Conclusions: The results demonstrate distinct patterns of
behavioral and neural processing of phonetic and affective
information in L2 speech with reduced neural representations
in both the N400 and the later processing stage, and they
provide an impetus for further research on similarities and
differences in L1 and L2 multisensory speech perception
in bilingualism.
Natural spoken language carries both linguistic (e.g.,
phonetic) and paralinguistic (e.g., emotional) in-
formation through visual and auditory modali-

ties. Successful communication requires the integration of
audiovisual speech with embedded multidimensional cues.
For most people, integrating speech-related information from
multiple channels seems effortless and automatic. None-
theless, this process can become demanding when learning
and using a second language (L2). Late L2 learners are
often overwhelmed by massive amounts of linguistic infor-
mation and may have a hard time keeping track of even a
single speech-related cue during conversations (Cooke et al.,
2008; Rubin, 1994). Disentangling how late L2 learners
undertake multimodal and multidimensional speech helps
identify the underlying mechanisms for this processing
challenge and points to pragmatic strategies to facilitate
speech communication. For clarification, the term “second
language” (L2) in this study is restricted to the later acquired
language in individuals who are considered late sequential/
successive bilinguals, and thus, it is used interchangeably
with the term “non-native language” in this context.

To understand how people approach multilayered
information in speech, priming tasks were used extensively
(Meyer & Schvaneveldt, 1971; Noppeney et al., 2007;
Schneider, Engel, & Debener, 2008). In the experimental
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setup, participants are instructed to focus on one of the
informational domains and ignore the others, and the
priming effect reflects the impact of the unattended infor-
mation on the target task. In their classic lexical decision
experiment, Meyer and Schvaneveldt (1971) asked subjects
to judge whether two letter strings simultaneously shown
on a computer screen were both words, and they found
that the semantically associated word pairs enhanced
performance, but not the unrelated pairs. This semantic
facilitation effect was robustly observed in later studies
through different testing protocols, for instance, by se-
quentially presenting the prime word and the associated
target word as against a nonassociated word (for a review,
see Lucas, 2000; Neely, 2012). Additionally, the priming
effect extends to other cognitive processing domains be-
yond simple lexical meaning associations. One example is
affective priming. Fazio et al. (1986) demonstrated that
the congruency between the affective valence of the prime
word and the target word influenced how individuals pro-
cess the targets. Prime words with positive valence (e.g.,
smile) elicited a faster and more accurate response to posi-
tive target words (e.g., love) rather than negative target
words (e.g., ill). More specifically, emotional primes could
also influence the subsequent target evaluation even without
the evaluator’s attention (e.g., Murphy & Zajonc, 1993),
such that a neutral target face was judged as more posi-
tive when following happy facial primes but more negative
when following sad facial primes (Donges et al., 2012;
Li et al., 2008). Affective priming can also take place across
sensory modalities (Gerdes et al., 2014; Logeswaran &
Bhattacharya, 2009; Stekelenburg & Vroomen, 2007). For
example, Schwartz and Pell (2012) found that emotional
prosody could facilitate listeners’ later emotional facial de-
tection, which consistently replicated their previous results
on the cross-modal affective priming effect (Paulmann &
Pell, 2010; Pell, 2005; Pell et al., 2011). In summary, the
priming paradigm is useful for investigating how the lead-
ing semantic or affective information modulates the per-
ceiver’s assessment of the targets within or across sensory
modalities. The measured facilitation effect for associated
prime–target pairs versus the interference effect for nonas-
sociated pairs can serve as an indicator of how individuals
untangle multidimensional cues in speech.

The congruency between the prime and the target un-
derlies the task performance in both semantic and affective
priming studies. Similarly, the congruency of multimodal
channels engenders the effectiveness of daily conversational
speech processing. In many cases, congruent cues from mul-
tiple informational domains facilitate speech processing.
For instance, semantically happy words spoken in a happy
prosody help listeners understand the word faster (Nygaard &
Queen, 2008). This facilitation is usually shown in better
and faster speech recognition (Paulmann & Pell, 2011;
Stekelenburg & Vroomen, 2007). On the contrary, incon-
gruent cues lengthen speech processing and increase the
perceiver’s response error rate (Ben-David et al., 2016;
Diamond & Zhang, 2016; Gerdes et al., 2014; Wurm
et al., 2001). Furthermore, perceivers may process different
Kao & Z
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domains of cues in the same speech sound differently. In
one selective attention task, the subjects were asked to re-
port the emotional meanings of the spoken words regard-
less of the accompanying emotional prosody, or vice versa
(Schirmer & Kotz, 2003). For instance, words with positive
meanings spoken in a happy prosody (semantics–prosody
congruent) or a sad prosody (semantics–prosody incongru-
ent) were used, and listeners were instructed to selectively
judge the valence of either the verbal meaning or the emo-
tional prosody of the sounds. They found that incongru-
ent emotional prosody influenced the semantic judgment
more than did incongruent emotional meaning influence
the emotional prosodic judgment, indicating that affective
information in the semantic or the prosodic domain may
have unequal priming effects. A recent study also confirmed
that emotional prosody plays a more dominant role than
emotional meaning in affective speech processing (Ben-
David et al., 2016). More specifically, the researchers used
sentences carrying emotional meanings (e.g., “I am very
angry” for angry, “I’ve been crying all day” for sad) spo-
ken in congruent, incongruent, and neutral emotional
prosodies. The semantically neutral sentences with emo-
tional prosody received higher affective ratings than the
semantically emotional sentences with neutral prosody.
The results provide further support for the unequal pro-
cessing weights of multilayered cues in speech.

It remains unclear whether the differential priming
effects for linguistic processing and emotional prosodic
processing require semantic-level interpretation. For in-
stance, do listeners undertake parallel emotional prosodic
and phonetic information differently? Unlike studies on
semantic and affective priming effects, the evidence on
phonetic priming is less consistent. This inconsistency was
reflected in early studies showing that a shorter time lapse
between phonetically related auditory primes and targets
could elicit a phonetic priming effect, but a longer time
lapse could not elicit a similar effect (Goldinger, 1998;
Luce et al., 2000). Cross-modally, Grainger et al. (2001)
found that spoken words as auditory primes could acceler-
ate and improve the following lexical decision task perfor-
mance when the prime and the target were phonetically
related, providing evidence of an audiovisual phonetic
priming effect. Combining phonetic and another informa-
tional domain in speech, Diamond and Zhang (2016) investi-
gated how native listeners undertake phonetic and emotional
prosodic information using a cross-modal selective priming
task. In this task, pictures with a speaker’s face with both
phonetic (lip shape) and emotional (facial expression) infor-
mation were used as visual primes, and sound files with
spoken syllables in varying emotional prosodies were used
as auditory targets. Participants were asked to focus on either
the phonetic or the emotional cue when judging the congru-
ency between the prime and the target. The researchers
observed both phonetic and emotional prosodic priming
effects in participants’ processing speed, but only the emo-
tional prosodic priming effect in participants’ response ac-
curacy rate. The results showed that differential priming
effects in speech with multilayered cues could take place
hang: Cross-Modal Priming in Second Language Learners 2509
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without the use of real words (or semantic-level interpreta-
tion) for the native listeners, with a more consistent emotional
prosodic priming effect. For L2 learners, it is still unclear
whether the parallel processing challenge lies at the seman-
tic level or even earlier at the phonetic level. To disentangle
how L2 learners undertake natural speech with multidimen-
sional information, the current study extended Diamond
and Zhang’s work and examined how late learners of English
as an L2 process parallel phonetic and emotional prosodic
cues in English.

For the late L2 learners, there have been separate
lines of cross-modal speech processing research. Some au-
diovisual studies on monolingual speakers have shown that
seeing the speaker’s lip movements can enhance non-native
phonetic recognition (Hirata & Kelly, 2010) and even make
auditorily indistinguishable non-native (L2) vowel contrasts
distinguishable (Llompart & Reinisch, 2017; Navarra &
Soto-Faraco, 2007). Thus, one would expect that the same
cross-modal phonetic priming effect in native listeners should
also be observed in L2 learners. However, very few cross-
modal studies have considered the emotional aspects of
speech. There were only limited data pointing to different
emotion recognition patterns when the emotion is presented
in monolinguals’ native or non-native language (Riviello
et al., 2011, 2012). In the study by Riviello et al. (2011),
while emotions in either the visual or the auditory domain
in English provide an equal amount of affective informa-
tion to native English speakers, non-native English speakers
weighted facial expressions more than emotional prosody
in some cases. A follow-up study (Riviello et al., 2012) fur-
ther demonstrated the visual dominance effect, as monolin-
gual perceivers could receive an equal amount of affective
information from non-native audiovisual emotions and non-
native facial emotions alone. Together, these data suggest
that visually presented articulatory phonetic information
and visual emotional information can facilitate the cross-
modal processing of the non-native speech input, and simi-
lar facilitation should also exist in sequential bilinguals’ L2.

The L2 speech studies with parallel processing of lin-
guistic and paralinguistic information have mainly focused
on the effects of congruency between emotional semantic
and prosodic domains. Min and Schirmer (2011) presented
emotional words spoken in emotional prosodies in English
to both monolingual English (native) speakers and speakers
of English as an L2. They found a similar congruency effect
in both native and L2 listeners: Congruent emotional pros-
ody facilitated emotional valence (semantic) identification,
and congruent emotional valence could also facilitate emo-
tional prosody identification. In brief, Min and Schirmer’s
study showed that congruent emotional valence and emo-
tional prosody could facilitate L2 processing, similar to a
previous experiment testing monolingual speakers of English
by Schwartz and Pell (2012). To further disentangle whether
paralinguistic information processing of emotional speech
takes precedence over linguistic processing in L2 learners,
experimental manipulations of naturally produced speech
with concurrent phonetic and affective cues can be adopted
to determine the processing of multidimensional L2 speech
2510 Journal of Speech, Language, and Hearing Research • Vol. 63 •
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at the syllable level without directly involving semantic
processing. In this regard, the current study extended the
work of Diamond and Zhang (2016), which employed a
cross-modal priming task to demonstrate that native listeners
process affective and phonetic information in both behav-
ioral and neurophysiological responses differently from late
L2 learners.

In this investigation, in addition to the priming
behavioral responses to phonetic and emotional pro-
sodic information in L2 speech, we also recorded online
electroencephalography (EEG) data targeting two event-
related potential (ERP) components—N400 and late posi-
tive response (LPR)—for our analysis. The incorporation
of ERP measures complements the summative behavioral
responses for the ERP’s refined temporal solution on a
millisecond scale (Best & Tyler, 2007; McLaughlin et al.,
2004), which allows further delineation of individuals’ rapid
physiological changes in online stimulus coding and cogni-
tive processing prior to behavioral reactions to the speech
stimuli. In the ERP literature, priming tasks have been
successfully employed with various setups of prime–target
pairs. In most studies, semantically incongruent prime–
target pairs elicited a larger N400 component when presented
within the same sensory modality (Holcomb & Neville,
1990; Kutas & Federmeier, 2011) or across audiovisual
channels (Czerwon et al., 2013; Schirmer et al., 2002, 2005).
For the affective channel, cross-modally incongruent mes-
sages also elicited stronger N400 (Czerwon et al., 2013;
Schirmer et al., 2002, 2005). When processing L2 informa-
tion, the N400 may be weaker but still shows up consis-
tently in semantic-related tasks (Hahne, 2001; Weber-Fox
& Neville, 1996) or emotion-related tasks (Sianipar et al.,
2015). At the phonetic level, changing the vowels to make
the L2 words sound like nonwords could also elicit N400
responses even when, behaviorally, the listener could hardly
detect the anomaly (Sebastian-Gallés et al., 2006). In the
current study, we targeted N400 as one of the neurophysio-
logical responses to address individuals’ parallel processing
of L2 audiovisual speech with both phonetic and emotional
prosodic information.

Following the N400, an enhanced LPR has been doc-
umented during the affective priming tasks when inconsis-
tent emotional contents were delivered within the visual
modality (Herring et al., 2011; Werheid et al., 2005; Zhang
et al., 2010) or the auditory modality (Kotz & Paulmann,
2007; Paulmann & Kotz, 2008). The LPR may indicate at-
tention allocation to the unexpected affective events (Schupp
et al., 2000) or to the emotion evaluation (Aguado et al.,
2013; Brattico et al., 2010; Schupp et al., 2003; Werheid
et al., 2005). Similar to the N400 response, the LPR is also
larger when the emotional incongruency arose cross-modally
from auditory primes to visual targets (Czerwon et al., 2013;
Paulmann & Pell, 2010; Schirmer et al., 2002) or from vi-
sual primes to auditory targets (Diamond & Zhang, 2016;
Goerlich et al., 2011; Holcomb & Anderson, 1993). Past
experiments using native language stimuli found LPRs
in some expectation violation tasks (Hahne & Friederici,
2001; Ojima et al., 2005), especially in affect-related tasks
2508–2521 • August 2020
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(Diamond & Zhang, 2016; Werheid et al., 2005; Zhang
et al., 2010). Other than direct conflict in emotional con-
tent, this late positivity can also be elicited when the seman-
tic or phonological cues are unexpected (Koso et al., 2011).
In L2 speech processing studies, however, the LPR compo-
nent has rarely been mentioned or investigated.

The current study aimed to examine how late learners
of English integrate the phonetic and emotional prosodic
information in English syllables across auditory and visual
modalities. To control the acoustic confounds of the audi-
tory targets if using different sets of sounds for the phonetic
condition and the emotional prosodic condition (we will
call it “prosodic condition” hereafter), we used the same
cross-modal priming materials and experimental setup as
in the previous study (Diamond & Zhang, 2016) and asked
participants to selectively attend to either the phonetic or
the prosodic cue of the target sound following the visual
prime. The participants would first see a picture of a speaker
and then listen to a speech sound, and they will decide
whether the phonetic (or emotional prosodic, depending
on the instruction) information from the picture and speech
sound is congruent. Behaviorally, we expected to see the
congruency effect in both accuracy rate and reaction time
with better and faster performance when the visual primes
are congruent to the auditory targets in both phonetic and
prosodic conditions. The congruent effect at the phonetic-
level processing of audiovisual speech information has not
previously been shown in L2 learners. For the ERP compo-
nents, we hypothesized that trials with incongruent audiovi-
sual prime–target pairs would elicit a larger N400 than the
congruent trials in both phonetic and prosodic conditions.
While there was no prior report on the relationship between
the LPR component and L2 cross-modal priming, we sus-
pected that L2 learners would still show LPRs similar to
those found in L1 speakers when encountering conflicting
information in the audiovisual prime–target pairs. Another
possibility is that L2 learners’ LPR might be more obscure,
because the LPR is sometimes not observed in incongruent
conditions even for native listeners (Brown & Cavanagh,
2017). Results of the current study will help address the
early parallel processing of L2 speech with multilayered
linguistic and paralinguistic information. The targeted ERP
components of N400 and LPR could further explain the
online neural mechanisms of selective listening and congru-
ency detection with L2 phonetic and emotional prosodic
cues, which have not been investigated in previous studies.
Method
Participants

This study was approved by the institutional review
board of the University of Minnesota. Twenty-four native
Mandarin speakers studying at the university participated
in the current study. Participants self-reported as sequential
bilinguals who started to learn English as an L2 in the
school curriculum after the age of 7 years. All participants
(12 men, 12 women) were right-handed, of the ages between
Kao & Z
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19 and 34 years (M = 25.54), and without any hearing
and language-related problems. They all had normal or
corrected-to-normal vision. Participants signed informed
consent forms before the experiment, and each received
$20 upon completion.

Stimuli
The materials and protocols were the same as in the

previous study (Diamond & Zhang, 2016). The visual primes
were four pictures showing a male actor’s face articulating an
/i/ or /a/ with a happy or an angry facial expression against
a green background. The auditory targets were four speech
sounds—the consonant–vowel–consonant words /bab/ or
/bib/ with an angry or a happy emotional prosody—produced
by the same male actor. The pairing of visual primes and
auditory targets gave rise to either congruent or incongru-
ent cross-modal priming trials, with the phonetic condition
requiring the subjects to judge audiovisual phonetic con-
gruency and the prosodic condition requiring the subject
to judge audiovisual emotional congruency. The four
speech sounds were recorded in a sound-treated room (ETS-
Lindgren Acoustic Systems). The duration of the sound files
was normalized to 295 ms with Pitch Synchronous Overlap
and Add, and the root-mean-square intensities were nor-
malized in Praat (Boersma & Weenink, 2018). The auditory
stimuli were presented at a 60-dB sensation level through-
out the experiment.

Procedure
Participants were seated in a sound booth (ETS-

Lindgren Acoustic Systems) with a 64-channel WaveGuard
EEG cap (ANT Neuro) during the priming task. Continuous
EEG data were recorded with the Advanced Neuro Technol-
ogy system (ANT Neuro). The layout for the 64 Ag/AgCl
electrodes followed the standard International 10–20 mon-
tage system with intermediate locations. The AFz electrode
served as the ground electrode. The default bandpass filter
for raw data recording was set between 0.016 and 200 Hz,
and the sampling rate was 512 Hz. The impedances of all
electrodes were kept under 5 kΩ.

The cross-modal priming task started with a visual
prime presented at the center of the screen and an auditory
target played 400 ms afterward (see Figure 1). Participants
were instructed to judge the congruency between the visual
prime and the auditory target in terms of the mouth shape
and the spoken vowel (phonetic condition) or the facial
expression and the voice emotional prosody (prosodic
condition) as quickly and accurately as possible. Partici-
pants determined the visual prime and the following audi-
tory target as congruent or incongruent by pressing the left
or right arrow keys on a keyboard according to the given
instruction. There were 160 trials in each condition (pho-
netic and prosodic conditions), and two conditions were
concatenated into a block (i.e., phonetic–prosodic block or
prosodic–phonetic block). Participants would complete
both blocks with counterbalanced order. To avoid confusion
hang: Cross-Modal Priming in Second Language Learners 2511
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Figure 1. The schematic of an example trial in the cross-modal priming task. The visual prime was presented 400 ms
before the onset of the auditory target. The baseline for event-related potential epochs was calculated relative to the
onset of the visual prime.
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and fatigue, there was a 30-s break in each block when
the condition changed from phonetic to prosodic (or from
prosodic to phonetic) with clear instruction. There was also
a break after completing the first block. The whole cross-
modal priming task with EEG recording took approximately
60 min.
Data Analysis
For the behavioral responses, percentage of accuracy

and mean reaction time were calculated across trials. Per-
centage of accuracy accounted for all response types—hits,
misses, correct rejects, and false alarms. The accurate re-
sponses were answering “match” for the congruent face–
voice pair and “mismatch” for the incongruent face–voice
pair. Reaction time was the time lapse between the onset
of the auditory target and the key press. Both percentage
of accuracy and mean reaction time were calculated for in-
dividual participants for each of the four prime–target pair
types—congruent phonetic, incongruent phonetic, congru-
ent prosodic, and incongruent prosodic. For comparison,
we included the monolingual native English speakers’ data
from the work of Diamond and Zhang (2016) for cross-
experiment statistical analysis as the two experiments used
identical settings and equipment in the same lab. A mixed-
design analysis of variance (ANOVA) was performed with
the within-subject factors congruency (congruent vs. incon-
gruent) and condition (phonetic and prosodic) as well as
the between-subjects factor language background (English
as the only native language and English as an L2). Post
hoc paired Student’s t tests using Bonferroni correction
were also performed for further examining the significant
interaction effects. The statistical analysis was completed
in R (https://www.r-project.org/) with α = .05.

ERPs were derived for each of the four prime–target
pair types. EEG data preprocessing and ERP averaging were
performed with brain electrical source analysis (Version 6.0;
BESA GmbH [formerly MEGIS Software GmbH]). The
continuous EEG data were bandpassed at 0.5–40 Hz. Arti-
fact correction was set at 100.0 μV for horizontal electrooc-
ulograms and at 150.0 μV for vertical electrooculograms to
2512 Journal of Speech, Language, and Hearing Research • Vol. 63 •
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reduce influences from horizontal and vertical eye move-
ments. The epoch window was defined from 100 ms be-
fore the visual prime onset to 1,400 ms after the visual
prime onset (including the auditory target). The epochs
containing data points over the range of ±50.0 μV were
rejected. Epochs with adjacent sampling points differing
over 75.0 μV were also rejected. After artifact rejection,
an average of 157 trials (with a minimum of 115 trials) in
each Condition × Congruency category (phonetic congru-
ent, phonetic incongruent, prosodic congruent, prosodic
incongruent) remained for further statistical analysis. Fol-
lowing the previous cross-modal priming study on native
English listeners (Diamond & Zhang, 2016), we grouped
electrodes into nine regions for further analysis (see Figure 2).
The nine electrode regions accounted for the anterior to
posterior parts and the left to right parts of the scalp. Sim-
ilar electrode grouping had been used in other studies
(Schneider et al., 2008).

Based on visual inspection of the grand mean ERPs
and on previous literature, two time windows relative to
the onset of the auditory targets were selected for data ex-
traction and statistical analysis. The early time window
was from 250 to 450 ms (N400 component; Kutas & Fed-
ermeier, 2011), and the late time window was from 700 to
1,000 ms (LPR component; X. Chen et al., 2011; Diamond
& Zhang, 2016). These time windows were relative to the
onset of the auditory target, which is 400 ms later than the
onset of the visual prime in the epoch window of our ERP
data (i.e., 650–850 ms for the N400 and 1,100–1,400 ms
for the LPR relative to the onset of the visual prime). The
ERPs to the congruent prime–target trials were subtracted
from the ERPs to the incongruent prime–target trials for
each condition (phonetic and prosodic) to obtain difference
ERPs for N400 and LPR quantification. The N400 and
LPR data from the monolingual native English speakers
(Diamond & Zhang, 2016) were included for statistical
comparison to determine the effects of language experience.
Mixed-design ANOVA tests were performed to examine
the averaged amplitudes of the two 40-ms peaks (20 ms be-
fore and after the peak value) of the difference ERPs within
the two time windows of interest. The within-subject factors
2508–2521 • August 2020
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Figure 2. The nine electrode regions grouped for examining laterality
and site location in the statistical analysis, including left anterior
(LA, composed of F7, F5, F3, FT7, FC5, and FC3), left central (LC,
composed of T7, C5, C3, TP7, CP5, and CP3), left posterior (LP,
composed of P7, P5, P3, PO7, PO5, PO3, and O1), middle anterior
(MA, composed of F1, Fz, F2, FC1, FCz, and FC2), middle central
(MC, composed of C1, Cz, C2, CP1, CPz, and CP2), middle posterior
(MP, composed of P1, Pz, P2, POz, and Oz), right anterior (RA,
composed of F4, F6, F8, FC4, FC6, and FT8), right central (RC,
composed of C4, C6, T8, CP4, CP6, and TP8), and right posterior
(RP, composed of P4, P6, P8, PO4, PO6, PO8, and O2).

Down
were condition (phonetic and prosodic), laterality (left, mid-
dle, and right), and site (anterior, central, and posterior); the
between-subjects factor was language background (native vs.
non-native speakers of English). The statistical analysis was
completed in R (http://www.r-project.org/) with α = .05 to
analyze how task conditions (phonetic and prosodic) and
congruency influenced the amplitudes of the N400 and the
LPR in the two subject groups.
Results
Behavioral Results

For percentage of accuracy, there were significant main
effects of condition, F(1, 34) = 14.91, p < .001, η2 = .08, and
congruency, F(1, 34) = 13.95, p < .001, η2 = .08, as well
as an interaction effect between condition and congruency,
F(1, 34) = 11.83, p = .002, η2 = .04 (see Table 1 and Figure 3).
The post hoc tests with Bonferroni correction showed that
percentage of accuracy was significantly higher in congru-
ent pairs than incongruent pairs only for the prosodic
condition, t(35) = 4.12, p < .001, and not the phonetic
condition. The participants performed better in the incon-
gruent phonetic condition than in the incongruent prosodic
condition, t(35) = 4.03, p = .001. For mean reaction time,
the between-subjects main effect was significant, F(1, 34) =
130.81, p < .001, η2 = .07, with monolingual English
speakers responding faster than those in the L2 group.
None of the within-subject main effects (condition and
Kao & Z
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congruency) or interaction effects were significant. The
task conditions or congruency did not affect how fast the
participants evaluated the face–voice pairs.

ERP Results
ERP difference waveforms were derived from sub-

tracting incongruent face–voice pairs and congruent pairs.
The difference waveforms showed clear N400 peaks in all
of the nine electrode regions (see Figure 2) in both pho-
netic (see Figure 4) and prosodic (see Figure 5) conditions.
The LPR peaks were present in all the electrode regions in
the phonetic condition (see Figure 4) but were barely dis-
cernable in the posterior electrode regions in the prosodic
condition (see Figure 5). To assess whether the amplitudes
of the two ERP components were statistically significant
against the baseline at the group level, we conducted t tests
for all the electrode regions with false discovery rate correc-
tion. The N400 was significant in both phonetic and pro-
sodic conditions in each electrode region (ps < .01). The
LPR was also significant in the phonetic condition across
all electrode regions (ps < .01) and did not appear as robust
with more intersubject variability in the prosodic condition
(ps < .05, except the left anterior electrode region with p =
.14). After verifying the significant N400 and LPR activities
at the group level for the L2 group, we included the differ-
ence ERPs of the monolingual English speakers (Diamond
& Zhang, 2016) and performed mixed-design ANOVA tests
on the two ERP components, respectively. For each ERP
component, the between-subjects factor was language back-
ground (English as the only native language and English as
an L2), and the within-subject factors were condition (pho-
netic and prosodic), laterality (left, middle, and right), and
site (anterior, central, and posterior).

For the amplitudes of the N400 component, the
between-subjects main effect of language background,
F(1, 34) = 11.43, p = .002, η2 = .05, was significant. The
within-subject main effects of condition, F(1, 34) = 8.19,
p = .007, η2 = .02, and laterality, F(2, 68) = 4.06, p = .02,
η2 = .01, were significant, with a stronger N400 in the
phonetic condition and a stronger N400 in the middle
than the left side, t(35) = 2.84, p = .022. The interaction
between language background and site was also significant,
F(2, 68) = 5.85, p = .005, η2 = .04. Post hoc t tests re-
vealed that the amplitudes of the N400 in the central
electrode group were stronger in monolingual English
speakers than in L2 speakers, t(14) = 3.21, p = .019, and the
monolingual native group showed a stronger N400 at
the central than the anterior site, t(11) = 3.54, p = .028.
The topographic distributions of the N400 demonstrated the
overall stronger N400 response in the monolingual native
speaker group than the L2 group, especially in the central
region (see Figure 6).

For the amplitudes of the LPR, a significant between-
subjects main effect of language background, F(1, 34) = 12.91,
p = .001, η2 = .05, and a significant within-subject main
effect of site, F(2, 68) = 12.88, p < .001, η2 = .06, were
found. We also found a significant two-way Language
hang: Cross-Modal Priming in Second Language Learners 2513
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Table 1. The behavioral results of percentage of accurate responses and reaction time with the standard deviations
in both phonetic and prosodic conditions.

Condition

Percentage of accuracy (%) Reaction time (ms)

Congruent Incongruent Congruent Incongruent

Phonetic 93.19 ± 7.39 90.1 ± 10.2 1,348.16 ± 65.01 1,335.53 ± 177.89
Prosodic 89.04 ± 8.78 74.72 ± 15.56 1,344.74 ± 71.91 1,365.97 ± 151.65

Note. There is a significant congruency effect in the percentage of accurate responses in the prosodic condition
(p = .005).

Down
Background × Site interaction, F(2, 68) = 8.93, p = .002,
η2 = .04, and a significant three-way Language Background
× Site × Laterality interaction, F(4, 136) = 5.35, p = .002,
η2 = .01. Planned post hoc tests focusing on the strengths
of the LPR across two groups at posterior to central sites
were carried out. A simple main effect of language back-
ground at the left posterior, t(13) = 3.75, p = .022, and left
Figure 3. Behavioral data on (A) percentage of accuracy and (B)
reaction time of the phonetic and prosodic conditions with congruent
and incongruent prime–target pairs. The error bars indicate the
standard error of each category (*p < .05). L2 = second language.
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central, t(15) = 3.4, p = .035, channel locations showed
significantly stronger LPRs in the monolingual native
group than in the L2 group. A stronger posterior-going
(posterior > central) LPR was found in the left side for
the monolingual native group, t(11) = 5.04, p = .003, but
this LPR effect was found in the midline for the L2 group,
t(23) = 2.93, p = .016. The topographic distribution of the
LPR showed a clearer posterior-going LPR in the mono-
lingual native group, and the LPR was left-lateralized
in the monolingual native group compared with the L2
group (see Figure 7). We also summarized the N400 effect
and the LPR effect in both monolingual native and L2
groups across all electrodes (see Figure 8).
Discussion
Presence and Absence of the Congruency Effect
in Behavioral Data

The L2 listeners were more accurate in evaluating
congruent face–voice pairs than incongruent ones, but this
higher accuracy rate was only significant in the prosodic
condition. In other words, their better recognition of the
congruent audiovisual inputs appeared to be domain spe-
cific for paralinguistic processing of emotional prosody.
The congruent facial expression facilitated the following
emotional speech evaluation in an L2, whereas the congru-
ency of the mouth shape did not have much influence on
speech identification. The higher accuracy rate in the incon-
gruent phonetic condition than incongruent prosodic con-
dition indicates that a mismatch in audiovisual affective
information was harder to detect or more distracting than
a mismatch in audiovisual phonetic information. Since the
accuracy rate of both congruent and incongruent phonetic
conditions was above 90%, it is likely that the participants
relied more on auditory phonetic information (/i/ vs. /a/ dif-
ference) than visual information. This result from the L2
learners was strikingly similar to that from the native per-
ceivers (Diamond & Zhang, 2016), as demonstrated in our
cross-experiment analysis showing a null between-group ef-
fect. L2 learners’ facilitated accuracy rate in the prosodic
condition (but not the phonetic condition) also corrobo-
rated results in the previous study showing that non-native
emotions in the visual modality (a foreigner’s facial expres-
sion) were as salient and attention-grabbing as audiovisual
emotions for monolinguals (Riviello et al., 2011, 2012). The
2508–2521 • August 2020
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Figure 4. The grand-averaged event-related potential (ERP) waveforms to congruent (match, in black thin line) and incongruent (mismatch, in
red thick line) face–voice pairs in the nine electrode regions in the phonetic condition for the “English as a second language” group. The
difference waveforms (incongruent minus congruent) were in blue dashed line. LA = left anterior electrode region; LC = left central electrode
region; LP = left posterior electrode region; LPR = late positive response; MA = middle anterior electrode region; MC = middle central electrode
region; MP = middle posterior electrode region; RA = right anterior electrode region; RC = right central electrode region; RP = right posterior
electrode region.

Down
behavioral accuracy data from the current study suggest
that speakers of English as an L2 living in the United States
may use cross-modal processing strategies in congruency
judgment similarly to monolingual native English speakers.

Unlike the previous study on native speakers of English
(Diamond & Zhang, 2016) and contrary to our expectation,
we did not find an L2 cross-modal congruency effect in the
reaction time data. The L2 speakers’ overall reaction times
in both phonetic and prosodic conditions were significantly
longer than those of the native speakers, indicating a more
conservative approach to congruency judgment and less
efficient audiovisual L2 integration (Yi et al., 2013). One
plausible explanation is that L2 vowel contrasts are less
clear-cut than the native ones (Best & Tyler, 2007, p. 39),
requiring listeners to take more time to evaluate the sounds
in a more effortful way. Another explanation is that the
phonetic or emotional representations in the L2 are weaker
than those in the native language (Hayakawa et al., 2016;
Min & Schirmer, 2011), introducing a deliberate prime–
target evaluation that slows down their reaction times. The
absence of reaction time facilitation by the congruent infor-
mation in our study should not be considered surprising
as similar results have been reported in previous L2 studies
on phonetic (Pratt et al., 2013) and emotional (P. Chen et al.,
Kao & Z
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2015; X. Chen et al., 2011) tasks. Collectively, our data
suggest that the L2-related cross-modal speech information
requires more deliberate and effortful processing. Even
though our cross-experiment analysis on reaction time did
not statistically support that the missing congruency effect
in the L2 group was language dependent, several L2 lit-
erature works showing a null congruency effect (P. Chen
et al., 2015; Pratt et al., 2013) suggested that matched L2
information may have limited facilitating effect on their
processing speed. Our instruction to ask participants to
evaluate both visual primes and auditory targets to deter-
mine cross-modal congruency also demanded more cog-
nitive resources than the traditional priming effect (only
evaluates the target), which may obscure the null congru-
ency effect in their processing speed.
Congruency Effects in the N400 Component
For our L2 participants, the N400 component was

elicited by both incongruent phonetic and prosodic audio-
visual information, but the amplitudes of the N400 did not
appear as robust as those for the native English perceivers
particularly in the mid-central electrode region. It confirmed
our hypothesis that cross-modal information conflict in
hang: Cross-Modal Priming in Second Language Learners 2515
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Figure 6. The topographic distributions of the N400 in both phonetic and prosodic conditions in the monolingual native English group and the
“English as a second language (L2)” group.

Figure 5. The grand-averaged event-related potential (ERP) waveforms to congruent (match, in black thin line) and incongruent (mismatch,
in red thick line) face–voice pairs in the nine electrode regions in the emotional prosodic condition for the “English as a second language”
group. The difference waveforms (incongruent minus congruent) were in blue dashed line. LA = left anterior electrode region; LC = left central
electrode region; LP = left posterior electrode region; LPR = late positive response; MA = middle anterior electrode region; MC = middle
central electrode region; MP = middle posterior electrode region; RA = right anterior electrode region; RC = right central electrode region;
RP = right posterior electrode region.
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Figure 7. The topographic distributions of the late positive response in both phonetic and prosodic conditions in the
monolingual native English group and the “English as a second language (L2)” group.

Down
an L2 could elicit N400 responses just like in a native lan-
guage at the phonetic level, even before the involvement of
semantic processing. Our results are in line with previous
prediction violation experiments on semantic, syntax, or
sentence-level prosody, which also found similar but weaker
N400 responses in L2 speakers (Degner et al., 2012; Martin
et al., 2013; Ojima et al., 2005). Moreover, we observed a
stronger N400 effect in the phonetic condition than in the
prosodic condition in both groups, indicating that orienting
attention toward different informational domains of the
same sets of multidimensional sounds could elicit different
degrees of N400 effect.

The topographic distribution of the L2 learners’
N400 responses showed a bilateral pattern with a stronger
N400 in midline regions than in the left and right regions
across phonetic and prosodic conditions. Their symmetric
topographical pattern was different from the left-dominant
N400 activity in native speakers for the phonetic condi-
tion, when considering the native group alone (Diamond
& Zhang, 2016). Comparing across the native and L2 data,
both groups showed a more centered and symmetric N400
topography. This result is consistent with previous reports
of reduction of N400 lateralization in L2 learners (Pratt
et al., 2013; Weber-Fox & Neville, 1996). Some functional
brain imaging studies also showed more distributed and
bilateral brain activations in L2 comprehension (Dehaene
et al., 1997; Lei et al., 2018).
Congruency Effects in the LPR Component
The LPRs in the L2 speakers were less prominent

than those in the native English speakers particularly in
the left electrode region, and the amplitude of this late
component was not condition dependent. Similar to that
of the native listeners, the L2 learners’ LPR was stronger at
the posterior than the central region but less left-lateralized.
The weaker presence of the LPR for processing L2 phonetic
Kao & Z
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and prosodic information suggests that the late ERP com-
ponent may not hold syllable-level L2 information consis-
tently. Despite the lack of previous reports on LPR to L2
phonetic and prosodic inputs, our current L2 learners’ re-
sult with a weaker LPR is in line with that in other studies
using higher level linguistic stimuli. For instance, incon-
gruent L2 semantic information did not elicit LPR when
the monolingual native participants showed clear LPR
(Ojima et al., 2005). Another example of absent LPR in
L2 was found in a syntactic violation task when the mono-
lingual native speakers again showed clear LPR (Hahne &
Friederici, 2001).
Implications and Limitations
The most striking results of the current study were

the diverging patterns of behavioral and ERP measures.
Despite similarities between L1 and L2 speakers in behav-
ioral accuracy data, the reaction time data did not show
priming effects in either the phonetic or the prosodic condi-
tion in the L2 group. Furthermore, the neurophysiological
measures effectively complement behavioral results and
reveal online processing differences in L1 and L2 speech
perception across auditory and visual modalities. Based
on behavioral accuracy rate alone, it might be tempting
to conclude that emotional prosodic cues dominate the
audiovisual priming effect in L2 processing. Furthermore,
the reaction time data did not show a congruency-induced
priming effect for either phonetic- or prosodic-level L2
speech processing, leading to a premature conclusion that
late L2 learners are insensitive to the speech-related incon-
gruency if taking the behavioral evidence alone. On the
contrary, the ERP components showed online priming
effects in neural processing prior to the final congruency
judgment. The N400 responses in both phonetic and pro-
sodic conditions were present and showed similar topogra-
phies, suggesting that the early neural representation of the
hang: Cross-Modal Priming in Second Language Learners 2517
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Figure 8. A summary of the average N400 effect and late positive
response (LPR) effect across all electrodes in phonetic and prosodic
conditions across two groups. L2 = second language.

Down
cross-modal congruency effect was not cue specific in the
L2 learners. The relatively weak LPRs in both phonetic
and prosodic conditions further suggest that phonetic and
prosodic features in an L2 may not be salient enough to
stay in the later neural registry.

One limitation of our study was that we only included
a male speaker’s pictures and speech sounds as the experi-
mental stimuli. Studies have shown that people perceive
emotional information differently when the gender of the
speaker changes (Belin et al., 2008). It is possible that pho-
netic information may vary with speech clarity differences
produced by males and females (Simpson, 2009). Further
studies can include audiovisual speech from both genders
to investigate whether the phonetic and prosodic difference
across speakers’ gender may influence L2 learners’ cross-
modal selective priming effects.

A second factor to consider is the time lapse between
the visual primes and the auditory targets, which is crucial
for priming studies as it could affect the ERP response
prior to individuals’ behavioral decision (Paulmann & Pell,
2518 Journal of Speech, Language, and Hearing Research • Vol. 63 •
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2010). We used a 400-ms interstimulus interval, as in the
previous study (Diamond & Zhang, 2016), to allow direct
comparisons between the L1 and L2 speakers. Time inter-
vals shorter or longer than 400 ms between the primes and
targets can be tested in future studies as L2 users may show
a reverse N400 pattern (stronger to congruent information)
when shorter intervals are used (Paulmann & Pell, 2010).
A shorter time lapse between prime–target pairs may ap-
proximate daily audiovisual speech more and provide addi-
tional behavioral and neural evidence of how L2 learners
approach parallel processing of linguistic and paralinguistic
information in speech.

Previous studies examining within- or cross-modal
priming effects mostly instructed participants to identify the
target stimuli without responding to the prime stimuli for
measuring the implicit priming effect. This study instructed
participants to evaluate the congruency between the visual
prime and the audio signal with the selected target informa-
tion dimension, which required them to hold the prime im-
ages in their working memory for comparison. While the
priming effect exists in both explicit and implicit process-
ing of the primes, different processing approaches may be
adopted. In future studies, it is worth investigating whether
the magnitudes of the priming effects change when the L2
learners are asked to ignore the visual primes. It is also worth-
while to record L2 leaners’ unimodal perceptual response to
the visual and auditory stimuli separately to obtain more
perspectives on the behavioral differences between mono-
lingual native and L2 groups in the cross-modal selective
priming task.

L2 speech research needs to consider subject charac-
teristics, including language proficiency, age of acquisition,
and duration of residence in the L2-speaking community.
The participants in our study were international students
at the University of Minnesota, whose English proficiency
met the college/graduate school admission criteria (e.g., with
an Internet-based TOEFL score of 79 or above). However,
variations in English proficiency would still exist even among
individuals scoring above a cutoff standardized test score.
Future studies need to include an assessment of L2 learners’
language proficiency levels and language backgrounds to
better capture and understand performances in the whole
spectrum of L2 learners and bilinguals (Bhatara et al., 2016).
For instance, it would be helpful to examine whether L2
learners with high proficiency perform more native-like or
still show less efficient speech processing strategies after
years of L2 learning.

Conclusion
The current study adopted the cross-modal selective

priming paradigm to determine how L2 learners undertake
parallel phonetic and emotional prosodic information in
the same sets of speech sounds. The accuracy rate of L2
emotional prosody judgment was facilitated by congruous
audiovisual speech, whereas the performance of L2 pho-
netic judgment was equally good regardless of audiovi-
sual congruency. The reaction time data did not show
2508–2521 • August 2020
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Down
congruency-induced facilitation effects due to effortful and
deliberate L2 speech processing. Unlike the behavioral re-
sults, the N400 and the LPR were elicited in both priming
conditions, demonstrating that incongruous L2 phonetic
and prosodic information was registered in the initial neu-
ral activities. Both the N400 and the LPR showed bilat-
eral activations, implying that the neural mechanisms for
processing L2 speech were less specialized. The relatively
weaker presence of the ERP components may be the under-
pinnings of the priming effect for the emotional prosodic
condition, whereas the high accuracy rate may obscure
the congruency effect for the phonetic condition. Future
studies need to include an assessment of participants’ lan-
guage proficiency to determine its influences on performance
variability and the properties of the two ERP components,
including hemispheric specialization, for processing phonetic
and affective information in L2 speech.
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