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background. this pattern of results implies that cross-modal 
visual-to-auditory prediction during speech processing 
makes strong use of phonological representations, rather 
than low-level spatiotemporal correlations across facial 
movements and sounds.
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Introduction

speech perception is a multisensory process involving audi-
tory (i.e., linguistic sounds) and visual information (i.e., 
lip movements) resulting from the speaker’s articulations. 
according to several authors, the listener’s perceptual sys-
tem extracts spatiotemporal correlations across vision and 
audition and integrates them in order to decode the spoken 
message more effectively (e.g., calvert et al. 2004; arnold 
and hill 2001; schwartz et al. 2004; Grant and seitz 2000; 
Grant 2001). Perhaps, the most dramatic demonstration 
of the role of vision in speech perception is the McGurk 
effect (McGurk and MacDonald 1976), whereby a spoken 
syllable (i.e., /ba/) presented auditorily and dubbed onto a 
videoclip of a speaker articulating an incongruent syllable 
(i.e., /ga/) often results in the acoustic perception of a fused, 
in-between, syllable (in this case, /da/). however, unlike 
the McGurk effect, where visual and auditory information 
are set in artificial conflict, the normal consequence of see-
ing articulatory gestures together with their corresponding 
speech sounds is beneficial, resulting in a comprehension 
enhancement of speech in noise (sumby and Pollack 1954) 
or improvements in discriminating phonemes from a sec-
ond language (Navarra and soto-Faraco 2007). although 
the exact mechanisms underlying these enhancements are 

Abstract the sight of a speaker’s facial movements dur-
ing the perception of a spoken message can benefit speech 
processing through online predictive mechanisms. Recent 
evidence suggests that these predictive mechanisms can 
operate across sensory modalities, that is, vision and audi-
tion. however, to date, behavioral and electrophysiological 
demonstrations of cross-modal prediction in speech have 
considered only the speaker’s native language. here, we 
address a question of current debate, namely whether the 
level of representation involved in cross-modal prediction is 
phonological or pre-phonological. We do this by testing par-
ticipants in an unfamiliar language. If cross-modal predic-
tion is predominantly based on phonological representations 
tuned to the phonemic categories of the native language of 
the listener, then it should be more effective in the listener’s 
native language than in an unfamiliar one. We tested span-
ish and English native speakers in an audiovisual matching 
paradigm that allowed us to evaluate visual-to-auditory pre-
diction, using sentences in the participant’s native language 
and in an unfamiliar language. the benefits of cross-modal 
prediction were only seen in the native language, regard-
less of the particular language or participant’s linguistic 
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still unknown, it has been suggested that visual speech 
information can be used to constrain the perception of 
upcoming speech sounds via predictive coding mechanisms  
(van Wassenhove et al. 2005; skipper et al. 2005; Pickering and  
Garrod 2006; sanchez-García et al. 2011).

Predictive coding mechanisms have been shown to operate 
during speech perception as well as in many other domains 
(see Bubic et al. 2010 for a review). the general idea underly-
ing these models is that sensory information in the brain flows 
in a forward fashion that, at one or more stages, is compared 
with top–down “predictions,” projected back from higher 
levels of information processing. these feedback predictions 
help to reduce ambiguity among potential interpretations of 
sensory input, refining and enhancing perception.

the question addressed here is whether, during speech 
processing, these mechanisms operate primarily at a pre-
phonological level of representation, capitalizing on corre-
lations between spatiotemporal dynamics of speech across 
sensory modalities, or whether they also operate at the pho-
nological level. By phonological level, we mean an abstract 
level of speech representation, where acoustic input has 
already been organized around categories tuned to the pho-
nological system of the listener’s native language. accord-
ing to this, speakers of different languages would organize 
the input according to different sound categories, relevant 
to their own linguistic experience. there is ample evidence 
that these phonological categories act as a sieve and have 
a major impact on the initial parsing of the speech input 
(e.g., Pallier et al. 2001; sebastian-Galles and soto-Faraco 
1999; Navarra et al. 2005). For instance, perception and 
categorization of non-native language contrasts seem to be 
tuned to the phonemic categories of the native language of 
the listener, even after a long exposure to, and despite high 
proficiency levels of, the second language (sebastian-Galles 
and soto-Faraco 1999; Navarra et al. 2005). Furthermore, 
the lack of sensitivity in discriminating non-native phone-
mic contrasts which are not present in the native language 
extends to the perception of second-language words. lexical  
representations are based on abstract phonological language- 
specific representations, established at an early age, and not 
easily modifiable later on (Pallier et al. 2001).

Facial articulatory movements are often expressed 
in advance of their acoustic correlates in natural speech  
(chandrasekaran et al. 2009). this offers the possibility of 
predictive processing, whereby leading visual information 
allows perceivers to extract reliable information from the 
sight of the speaker’s face and use it to anticipate the incom-
ing auditory input, speeding up speech processing. accord-
ingly, van Wassenhove et al. (2005) reported a significant 
speed up of the auditory-evoked potential components N1 and 
P2 when syllables were presented audiovisually versus only 
auditorily. Interestingly, the size of this latency shift in the 
auditory-evoked components was proportional to the visual 

saliency of the phoneme. Van Wassenhove et al. interpreted 
this finding to suggest that the extraction of phonological 
information from the orofacial articulators allowed perceiv-
ers to create expectations about what was going to be heard, 
thereby speeding up processing when the input matched the 
expectation. But other levels of speech processing are also 
possibly relevant by the time the expectation has been created. 
For example, predictive mechanisms could rely on simpler 
spatiotemporal correlations of audiovisual information, even 
before any phonological information is extracted, as sug-
gested by studies using non-speech stimuli (stekelenburg and 
Vroomen 2007) and artificial non-human-related audiovisual 
events (Vroomen and stekelenburg 2009). In these studies, 
stekelenburg and Vroomen showed that temporal anticipa-
tion of the visual cues in non-speech stimuli was sufficient to 
elicit an amplitude modulation of the auditory-evoked poten-
tials in the audiovisual condition compared to the auditory 
events presented alone. Moreover, while presenting artificial 
audiovisual events, the amplitude reduction of the N1 com-
ponent depended critically on the predictability of the visual 
cues with respect to the subsequent auditory input. Interest-
ingly, the N1 effect seems to be dependent on the anticipation 
of the visual information and independent of the audiovisual 
congruency of the stimulus with regard to content (see also 
arnal et al. 2009). this suggests that visuoauditory facilita-
tory processes can be based on pre-phonological information. 
In contrast with the N1 component, the P2 auditory compo-
nent appears to be dependent on the audiovisual congruency 
of the information, and regarding this later component, a 
dissociation between a more central P2 effect in non-speech 
events and a more occipitotemporal distribution in speech has 
been observed (stekelenburg and Vroomen 2007). according 
to stekelenburg and Vroomen, this dissociation in brain sig-
nals might map onto differences between the semantic and 
phonetic levels, pointing to a relevant role of phonetic repre-
sentations during cross-modal facilitation.

Further support for cross-modal interactions at a variety 
of levels of representation comes from brain imaging stud-
ies of the anatomo-functional networks that are active during 
speech perception. For instance, arnal et al. (2009) proposed 
that when information between sensory modalities matches, 
its processing engages preferentially direct connections 
between visual and auditory areas. In contrast, mismatching 
information across modalities engages a slower, more indi-
rect network, whereby visual input is integrated and com-
pared with the auditory input via association areas (i.e., the 
superior temporal sulcus, sts). Following up on this idea and 
using MEG, arnal et al. (2011) reported a change in oscil-
latory brain activity so that when audiovisual events were 
congruent, predictions were mediated by slow oscillations in 
high-order speech areas, whereas in the case of incongruent 
visual and auditory inputs, they were mediated by high-fre-
quency oscillations in early unisensory cortex and the sts. In 
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line with this idea, sohoglu et al. (2012) suggested that in the 
presence of prior written text matching with the subsequent 
auditory input, abstract phonological predictions are created 
in the inferior frontal gyrus (IFG), and following a top–down 
process, this information is conveyed later to the superior 
temporal gyrus (stG), in the form of acoustic–phonetic pre-
dictions. these predictions are compared with neural repre-
sentations of the incoming speech input. Interestingly, when 
the prior context was highly predictable of the subsequent 
input, activity on the stG was reduced, because top–down 
predictions by themselves were already in agreement with 
the sensory input. In related work, schroeder et al. (2008) 
argued for a modulatory effect of visual input on the auditory 
cortex, specifically to reset the phase of neural oscillations 
that would go through a high excitability phase, thus allow-
ing for amplification of the auditory signal when it arrives at 
the right time. this mechanism is claimed to be responsible 
for temporal parsing of audiovisual signals, actively driven 
by a cross-modal modulation of low-frequency neuronal 
information in early sensory areas during speech perception 
(luo et al. 2010).

In summary, previous studies have highlighted the poten-
tial for cross-modal facilitation operating at several processing 
levels. here, we are interested in addressing whether cross-
modal facilitation in speech processing primarily exploits 
low-level pre-phonological representations, or whether it also 
occurs at phonological levels. In order to explore this ques-
tion, we compare the cross-modal transfer of information in 
native and non-native language perception.

Previous studies looking at prediction in speech perception 
within a single modality have often used semantically biasing 
contexts, so that expectations are based on narrowing seman-
tics and prediction is expressed at the levels of word form and 
lexical entry (delong et al. 2005; Van Berkum et al. 2005; 
Dambacher et al. 2009). When it comes to prediction across 
sensory modalities, some recent evidence suggests that cross-
modal predictive processes may be rooted in pre-semantic 
stages of input analysis instead. For example, sanchez-García 
et al. (2011) showed that a visually presented speech context 
produced an audiovisual processing benefit when the upcom-
ing auditory channel was a continuation of the prior visual 
speech context. this occurred even though this visual-only 
context was not semantically biasing, and it conveyed little 
lexical or semantic information on its own (Bernstein et al. 
1998; soto-Faraco et al. 2007; altieri et al. 2011). In their 
study, sánchez-García et al. used a speeded audiovisual cor-
respondence judgement on a speech fragment to test whether 
cross-modal transfer of information could benefit the percep-
tion of speech during an online task. the audiovisual speech 
target fragment followed either a visual or an auditory (uni-
modal) sentence context. this audiovisual target could be 
a continuation of the unisensory sentence context, either in 
the same sensory modality (intra-modal) or in the opposite 

modality (cross-modal). Otherwise, the audiovisual target 
was completely discontinuous with both modalities of the 
sentence context. the authors found that participants were 
able to speed up their response times to the target fragment 
when a visually presented leading sentence fragment con-
tinued into the auditory modality (cross-modally), meaning 
that participants were able to extract information from visual 
speech and use it to constrain the ensuing auditory speech 
fragment, speeding up their audiovisual matching judgments. 
Interestingly, the cross-modal effect was not found when the 
leading fragment was presented in the auditory modality. 
along similar lines, results from electrophysiological stud-
ies report that visual-based prediction not only modulates the 
early stages of input analysis, such as the auditory-evoked 
components N1 and P2 (van Wassenhove et al. 2005; steke-
lenburg and Vroomen 2007; Besle et al. 2004; luo et al. 2010; 
schroeder et al. 2008), but that it also depends critically on 
the visual saliency of the articulatory features involved (van 
Wassenhove et al. 2005).

It is perhaps to be expected that predictive coding across 
sensory modalities in speech operates at pre-semantic levels 
of input analysis, given the potential for cross-modal trans-
fer to occur at early levels of representation (see sanchez-
García et al. 2011 for more detailed discussion). however, 
within this early stage, the distinction between the role 
of phonological and pre-phonological levels of process-
ing is currently the focus of much debate among theories 
of audiovisual speech integration (schwartz et al. 2004; 
Bernstein 2005). some authors argue for the importance of 
a pre-phonological level of representation common to both 
modalities, prior to phonemic categorization (summerfield 
1987; schwartz et al. 1998; Rosenblum 2005). the data 
supporting this view include the enhancement of speech 
detection in noise from a visual cue related to the auditory 
signal (Kim and Davis 2003; Bernstein et al. 2004), and the 
finding that auditory comprehension is improved by tempo-
rally correlated visual articulations, even when they do not 
match perfectly in phonemic content (schwartz et al. 2004). 
alternative claims, in support of a phonological level of pro-
cessing, argue instead that audiovisual integration follows 
phonemic identification (i.e., Massaro and cohen 1983; 
Massaro 1998). a strong motivation for this view is that 
the phonological level has been proposed as a convenient 
common representational code for speech perception (both 
auditory and visual) and production (Pickering and Garrod 
2006; skipper et al. 2005, 2007; Fowler 2004).

the present study sought to distinguish whether the input 
analysis contributing to the cross-modal transfer benefit is 
predominantly phonological or pre-phonological. accord-
ing to pre-phonological fusion theories (summerfield 1987; 
schwartz et al. 1998), online transfer of visual-to-auditory 
information can occur based on the spatiotemporal correla-
tions between visual (articulatory) and auditory (acoustic) 
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inputs, thus before (or at least, independent of) phonological 
categorization. temporal anticipation of visual information, 
characteristic of natural speech, when the articulated utter-
ance contains highly salient visual information, would make 
it possible to extract cues that would constrain the processing 
of subsequent information in the auditory modality. accord-
ing to this account, cross-modal prediction should occur dur-
ing the perception of speech in any input language. Indirect 
evidence in support of this hypothesis is that visual-to-audi-
tory prediction can be possibly based solely on temporal cues 
and occurs independently on the audiovisual congruency of 
the stimuli (stekelenburg and Vroomen 2007; Vroomen and 
stekelenburg 2009; arnal et al. 2009). On the other hand, if 
cross-modal prediction is based on phonological representa-
tions and is therefore mediated by the repertoire of phono-
logical categories that are specific to each language, then one 
would expect stronger cross-modal transfer for a listener’s 
native language, as compared to unfamiliar languages.

to address this question, we tested spanish and English 
speakers in their native language, respectively, and compared 
it with spanish, English and German native speakers tested 
in a non-native language (English for spanish speakers, and 
spanish for English and German speakers), in an audiovis-
ual matching task (sanchez-García et al. 2011). Participants 
made speeded judgments about whether or not the voice and 
the lips of the speaker in an audiovisual speech target frag-
ment were in agreement, following a leading visual-only 
sentence context. Prior visual context could be continuous 
with the visual modality in the audiovisual target fragment 
(i.e., intra-modally continuous), continuous with the audi-
tory modality in the audiovisual target fragment (i.e., cross-
modally continuous) or with neither of the two modalities in 
the target fragment (i.e., discontinuous). When participants 
experienced their native language, we expected that the lin-
guistic continuity from the previous visual context would 
benefit audiovisual processing of the target fragment, as 
previously found (sanchez-García et al. 2011). the critical 
question here was whether language familiarity would have 
an additional influence on this benefit. If online cross-modal 
transfer is mediated by a phonological level of representa-
tion, over and above lower levels, then the native language 
should yield greater benefits in the audiovisual matching 
task. alternatively, if cross-modal transfer is supported only 
by pre-phonological representations, then there should be 
similar benefits for familiar and unfamiliar languages.

Methods

Participants

Eighteen native spanish speakers (6 males, mean age 
21 years) and 10 native English speakers (3 males, mean 

age 21.2 years) were tested in their native language. Data 
from 9 spanish and 8 English additional participants who 
failed to meet a performance criterion of 65 % accuracy in 
the task were not included in the reported analysis (although 
separate analysis showed that the exclusion of their data 
did not alter any of our conclusions). a different group of 
19 spanish native speakers (with low to medium knowl-
edge of English language; 7 males, mean age 22.9 years), 
a group of eight English native speakers (1 male, mean age 
20.33 years) and a group of nine German native speakers 
(2 males, mean age 24.1 years), both without knowledge of 
spanish, were tested in their non-native language (English 
for the spanish group, and spanish for the English and Ger-
man groups). additional data from 12 spanish, ten English 
and 14 German participants were excluded, following the 
same criterion as above and with the same consequences for 
the reported analysis.

all participants reported normal audition and normal or 
corrected-to-normal vision and were naive to the purpose of 
the experiment. all of them were selected after filling out a 
questionnaire to assess their experience with the languages 
being tested (Marian et al. 2007; see table 1).

Materials and procedure

the stimuli were made of high-resolution audiovisual 
recordings of a spanish–English bilingual male speaker 
uttering forty complete sentences in each language. see 
“appendix”. Each sentence was edited with adobe Pre-
miere Pro 1.5, to last 2,400, 2,600, 2,800 and 3,000 ms, 
including a 560 ms linear fade-in ramp and a 360 ms lin-
ear fade-out ramp. Participants viewed the video recordings 
from a distance of 60 cm on a 17″ cRt computer monitor 
that displayed a full view of the face of the speaker at the 
center of the screen. the audio stream was played through 
two loudspeakers located on each side of the monitor, at an 
intensity of 65 dB (a) sPl. DMDX software (Forster and 
Forster 2003) was used to organize the randomization, pres-
entation and timing of the experiments.

Each trial began with a central fixation point (a circle 
subtending 0.8° of visual angle, 500 ms duration), followed 

Table 1  level of proficiency in the non-native language for each 
group of participants

Participants  
native language

Oral  
expression

Oral  
comprehension

Written  
comprehension

spanish speakers 5.7 6.1 6.6

English speakers 1.29 1.57 1.71

German speakers 0 0 0

Ratings were given by the participants using a scale from zero to ten 
(0 = none; 10 = perfect) regarding their proficiency in speaking, 
understanding spoken language and reading
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by the presentation of the visual-only sentence context. this 
leading stream of variable duration (1,600, 1,800, 2,000 or 
2,200 ms), was followed by the audiovisual target fragment 
(800 ms) without any gap. the moment at which the target 
fragment began was varied randomly in order to create tem-
poral uncertainty and thus to promote participant’s sustained 
level of attention to the context. the task consisted of an 
audiovisual match/mismatch judgment on the audiovisual 
target. Following each response or time-out (1,800 ms dead-
line from target onset), the screen blanked for 800 ms before 
the next trial began. Participants were asked to respond as 
quickly and accurately as possible, whether the target frag-
ment had matching or mismatching sound and lip move-
ments, by pressing one of the two keys. Responses were 
made with the index and middle fingers on two neighboring 
keys, with the assignment of finger to response counterbal-
anced across participants.

there were three main types of trials that varied in the 
linguistic continuity between the visual context and the 
audiovisual target. On intra-modal continuous trials, the 
visual leading context continued into the visual modality of 
the target but did not continue into the auditory modality. 
On cross-modal continuous trials, the visual leading context 
fragment was continuous only with the auditory modality in 
the target fragment. Finally, on discontinuous trials, there 
was no continuity from context to target in any modality. In 
each of these three conditions, the correct response was a 
mismatch. the cross-modal continuous and discontinuous 
were the critical trials, while intra-modal continuous trials 
served to control for the nature of the response across the 
three mismatching trial types.

In addition to these critical trials, there were a number of 
filler trials in which auditory and visual channels matched in 
the target fragment, some of which were linguistically con-
tinuous and others discontinuous with the leading context. 
these filler trials were included in order to help compensate 
the likelihood of the two available responses. On continuous 
matching trials, there was linguistic continuity from visual 
context fragment to target fragment in both modalities, 
visual and auditory, while on discontinuous matching trials, 
there was no continuity between the visual leading context 
fragment and any modality in the target fragment, though in 
the target fragment audio and video were coincident. Over-
all, there were 60 % mismatching and 40 % matching trials 
in the experiment.

During the presentation of the visual context, the audi-
tory channel was replaced by a sequence of rhythmic beats 
(300 hz tones, 120 ms duration each, presented at 5 hz). 
Regular beats were chosen so the stimuli were comparable 
in general temporal predictability to the syllabic rhythmical 
cadence of speech as well as to help maintaining the level 
of alertness similar to when we listen to someone speak-
ing. Each participant was tested on a total of 200 trials, 

distributed in five equivalent blocks of 40 trials in which 
each trial type was equiprobable. these sentences were 
sampled randomly without replacement for each participant, 
with context duration varying randomly and equiprobably 
among the four possible context durations (1,600–2,200). 
Participants practiced the task on a subset of 20 training 
sentences prior to testing. Each experimental session lasted 
approximately 30 min.

as illustrated in Fig. 1, the comparison of greatest inter-
est in the experiment was between the discontinuous and the 
cross-modal continuous conditions, both of which ended in 
an audiovisually mismatching target and involved an iden-
tical video splice between context and target fragments. 
Moreover, the discontinuous condition served as a com-
parison for both continuous mismatch conditions, in that it 
required the same response (a mismatch judgment) but the 
visual leading context provided no information about the 
message in the target fragment (since it belonged to a dif-
ferent sentence).

after the editing, sentences sometimes contained gram-
matical discontinuities (owed to the cross-splicing proce-
dure followed, see below); however, it is important to note 
that, regarding visual predictability as well as grammatical 
discontinuities, the sentences were equivalent and counter-
balanced across conditions.

We used the same stimuli and procedure to test for vis-
ual-to-auditory cross-modal prediction in a familiar lan-
guage in a group of spanish and a group of English native 
speakers. to test for cross-modal prediction in an unfamil-
iar language, we used the English materials with a group of 
spanish speakers with low to medium English ability, and 
the spanish materials in a group of English speakers and a 
group of German speakers, neither of whom were familiar 
with spanish language.

Results

the median response time (Rt) was calculated for each 
participant and condition, after filtering out errors and trials 
in which the response latencies were more than 2 standard 
deviations from the mean for each participant and condition 
(see table 2). these Rts were then submitted to an aNOVa 
including the within-participants factor of context continuity 
(i.e., cross-modal continuous vs. discontinuous condition) 
and the between-participants factors of language familiar-
ity (i.e., native vs. non-native) as well as language of the 
sentences (spanish vs. English). these are the data shown 
in Fig. 2. Results from English and German speakers tested 
in a non-native language (spanish) were analyzed together. 
We will refer to them as “English/German speakers” from 
now on, because their pattern of results did not differ signifi-
cantly from one another. Moreover, both groups lacked of 
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any knowledge of spanish, and so for the aim of our study, 
their linguistic familiarity with spanish was equivalent.

the critical finding was a significant two-way interaction 
between context and language familiarity (F (1,60) = 8.92; 
p < 0.01). this pattern of interaction reveals that partici-
pants were able to benefit from the prior informative visual 

context in the audiovisual matching task, but only in their 
native language (see Fig. 2). Furthermore, this pattern held 
independently of the particular language (English or span-
ish) or population tested (English/German or spanish), as 
indicated by the absence of a significant three-way interac-
tion between context, language familiarity and test language 

Table 2  Median response times (Rt) and accuracy rate per group of participants and condition

condition continuous matching Discontinuous matching Intra-modal continuous cross-modal continuous Discontinuous  
mismatching

Median Rts accuracy Median Rts accuracy Median Rts accuracy Median Rts accuracy Median Rts accuracy

Native language group

 spanish 
speakers

704 0.87 706 0.92 938 0.87 937 0.84 958 0.85

 English 
speakers

794 0.84 753 0.84 949 0.86 904 0.84 958 0.83

Non-native language group

 spanish 
speakers

814 0.92 797 0.9 1,014 0.86 999 0.84 1,002 0.83

 English/
German 
speakers

870 0.81 864 0.9 1,018 0.87 1,046 0.86 1,026 0.85

Median Rt was calculated after filtering out errors and trials in which the response latencies were more than 2 standard deviations above or 
below the mean for that participant and condition. accuracy rates correspond to the participants who performed >65 % for all conditions in the 
experiment and were, therefore, included in the analysis. No significant difference was observed between the accuracy rates of the two critical 
conditions, cross-modal continuous and discontinuous mismatch (in all groups |t| < 1)

Fig. 1  Illustration of the critical 
conditions in the experiment. 
In the cross-modal continuous 
condition, the visual leading 
context fragment is continu-
ous with the auditory modality 
(but not the visual modality) 
in the target fragment, while 
in the discontinuous condition, 
there is no continuity from 
visual context to target in any 
of the two modalities. In both 
conditions, visual and auditory 
modalities in the target frag-
ment are mismatching. context 
duration is chosen at random 
and equiprobably between 
1,600 and 2,200 ms in steps of 
200 ms
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(F (1,60) = 0.09; p = 0.76). the two-way interaction 
between context and test language was nearly significant,  
(F (1,60) = 3.28; p = 0.075), though note that it does not 
affect the conclusions in any way.

the significant interactions involving context were 
explored in greater detail with student’s t-tests comparing 
the two critical conditions (cross-modal continuous vs. dis-
continuous) in native and non-native groups of participants. 
through these pairwise comparisons, we tested whether the 
context effect was significant within each of the familiar-
ity and language conditions. these tests indicated that the 
cross-modal continuous condition led to faster Rts than the 
discontinuous condition for participants tested in their native 
language, t (27) = 3.91; p < 0.01, but not for participants 
tested in their non-native language, t (35) = 0.667; p = 0.50. 
Finer grained t-tests of the context effect (cross-modal con-
tinuous condition leading to faster Rts than discontinuous 
condition) for each particular group of participants consid-
ered separately showed that this pattern held independently 
of the test language. that is, the context effect was signifi-
cant for spanish participants tested with spanish materials 
(t (17) = 2.42; p < 0.05) as well as for the English partici-
pants tested with English materials (t (9) = 3.36; p < 0.01), 
but not for spanish speakers tested with English materials, 
t (18) = 0.17; p = 0.86), nor for English/German speakers 
tested with spanish materials, t (16) = −1.45; p = 0.16).

Response accuracy was calculated for all groups of 
participants: native language (spanish group = 87 %, 

English group = 84 %) or non-native language (spanish 
group = 87 %, English/German group = 86 %). there 
were no significant differences in accuracy between the two 
critical conditions for any of the groups of participants (all 
|t| < 1) (see table 2). Our conclusions were, therefore, based 
solely on the significant differences in Rt.

signal detection analyses, based on hits (responding 
“match” on a matching target) and false alarms (responding 
“match” on a mismatch target), were also performed to test 
for possible group differences (shown in table 3). For par-
ticipants tested in their native language, there were no dif-
ferences in sensitivity between any of the critical conditions. 
spanish group: cross-modal continuous d′ = 2.58 and dis-
continuous d′ = 2.61, (|t| < 1). English group: cross-modal 
continuous d′ = 2.13 and discontinuous d′ = 2.10, (|t| < 1). 
the response criterion parameter was significantly different 
from zero in both conditions for spanish speakers (cross-
modal continuous, C = −0.24, t (17) = −4.56, p < 0.01; 
discontinuous, C = −0.22, t (17) = −4.85, p < 0.01), indi-
cating a similar response bias in both conditions. For the 
English group, the criterion was not significantly different 
from zero (cross-modal continuous, C = −0.007, discon-
tinuous, C = −0.026, both |t| < 1), indicating the absence 
of a response bias of any kind. the groups tested in their 
non-native language did not reveal any significant differ-
ences in sensitivity. spanish group: cross-modal continu-
ous d′ = 2.57 and discontinuous d′ = 2.43, (|t| < 1). Eng-
lish/German group: cross-modal continuous d′ = 2.60 and 

Fig. 2  Median response times 
for participants tested in their 
native and non-native languages 
for the critical conditions 
(cross-modal continuous and 
discontinuous). spanish speak-
ers (left graph) were able to 
detect audiovisual mismatches 
more rapidly following a 
cross-modal continuous versus 
a discontinuous visual leading 
context, but only when tested in 
their native language. English 
speakers (right graph) followed 
the same pattern; they were 
significantly faster detecting 
audiovisual mismatches in 
the cross-modal continuous 
condition compared with the 
discontinuous condition, but 
only when tested in their native 
language. Error bars represent 
one standard error of the median
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discontinuous d′ = 2.53, (|t| < 1). the criterion measure 
followed the same pattern as in the groups tested in their 
native language. In particular, for the spanish group tested 
in English, the criterion revealed a bias toward “match” 
responses in both conditions: cross-modal continuous 
(C = −0.16; t (18) = −2.50, p < 0.05) and discontinuous 
condition (C = −0.18; t (18) = −3.23, p < 0.01). For the 
English/German group tested in spanish, the criterion was 
not significantly different from zero (cross-modal continu-
ous, C = −0.11; discontinuous, C = −0.14, all |t| < 1), indi-
cating the absence of bias toward any kind of response.

We were surprised to find that during the testing, a large 
number of participants had difficulties performing the audi-
ovisual matching task correctly, failing to meet a perfor-
mance criterion of at least 65 % of correct responses, hence 
the relatively high rejection rate. those who failed to meet 
this criterion included, in the non-native language groups, 
12 native spanish from a total of 31, 10 native English 
speakers from a total of 18, and 14 German speakers from 
a total of 23; and in the native language groups, 9 native 
spanish and 8 native English speakers from a total of 27 and 
18, respectively. We excluded their data from our reported 
analysis on the grounds that we could not be confident of 
the reliability of the correct Rts collected under those con-
ditions (i.e., they could include a large proportion of lucky 
guesses).

Discussion

the results of the present study show that participants pre-
sented with audiovisual speech in their native language can 
benefit from prior visual information, responding more 
rapidly to an audiovisual match/mismatch task when the 
auditory channel of the target continues from the prior  
visual-only context. however, this benefit was not observed 

when participants performed the same task in an unfamil-
iar language. the primary result leading to this conclusion 
involved a comparison between a condition in which a vis-
ual only speech context was continuous with the auditory 
channel of the audiovisual target fragment, giving partici-
pants a response time advantage from this prior information, 
versus a condition where the visual context was not continu-
ous with any modality in the target fragment, thereby forc-
ing them to perform the matching task without any relevant 
leading information.

On one hand, these findings extend previous behavioral 
evidence of cross-modal prediction in one’s own language 
(sanchez-García et al. 2011) with a broader range of lin-
guistic backgrounds (spanish and English speakers) but, 
more importantly, they go one step further by showing that 
this predictive process breaks down in a language unfamil-
iar to the listener. Our finding implies that specific knowl-
edge about the phonological repertoire of the language on 
the perceiver’s side is required to capitalize effectively on 
anticipatory visual information during audiovisual speech 
processing. these findings also suggest that during speech 
perception, cross-modal correlations based on spatiotempo-
ral dynamics between visual and acoustic signals are not by 
themselves sufficient to support effective cross-modal pre-
diction during speech perception, at least not in all cases. It 
is also important to note that the present results cannot be 
due to the particular characteristics of one concrete set of 
speech materials, nor of one particular participant’s group, 
because the pattern of effects was consistent between lan-
guages and across different groups.

It has been reported that phonemic categories are estab-
lished during the first year of life (Best and McRoberts 
2003; Best et al. 1995; Werker and tees 1984) and are tai-
lored to the specific linguistic input present in the environ-
ment. Once these initial representations have been settled, 
the consensus is that the phonemic repertoire of the native 

Table 3  sensitivity (d′) and criterion scores for spanish and English speakers, tested in their native and non-native language

d′ values criterion scores

condition Discontinuous cross-modal signif. Discontinuous signif. cross-modal signif.

Native language group

 spanish speakers 2.61 2.58 n/s −0.22 <0.01 −0.24 <0.01

 English speakers 2.10 2.13 n/s −0.026 n/s −0.007 n/s

Non-native language group

 spanish speakers 2.43 2.57 n/s −0.18 <0.01 −0.16 <0.05

 English/German  
speakers

2.53 2.60 n/s −0.14 n/s −0.11 n/s

For participants tested in their native language, no differences were seen in performance between any of the critical conditions (n/s non-signifi-
cant); criterion was significantly different from zero in both conditions for spanish speakers, indicating a similar bias toward a positive response 
in both conditions. For the English group, the criterion was not significantly different from zero, indicating the absence of bias toward any kind 
of response. For groups tested in their non-native language, there were no significant differences in performance and the criterion measures fol-
lowed the same pattern as for groups tested in their native language
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language works as a “sieve,” such that listeners will filter 
speech input according to these categories when perceiv-
ing any language. this favors an efficient categorization of 
the sounds in one’s own language, but at the same time, it 
reduces the capacity to discriminate phonemes from a dif-
ferent language (Pallier et al. 1997, 2001; Navarra et al. 
2005). this phenomenon is called perceptual narrowing 
(Werker and tees 1984). Interestingly, recent studies using 
cross-modal matching in infants suggest that perceptual nar-
rowing of the phonemic categories in one’s own language in 
the first year of life is a pan-sensory phenomenon, affect-
ing the capacity to perform cross-modal matching of speech 
sounds (Pons et al. 2009). Based on the present results, we 
suggest that the visemic information (visual phonemic) car-
ried by lip movements is also decoded through the sieve of 
one’s own native categories.

several studies addressing phoneme discrimination in 
bilinguals have shown that even after an early and inten-
sive exposure to a second language, the first language still 
exerts a great influence in the processing of the non-native 
phonemic categories of the second language (sebastian-
Galles and soto-Faraco 1999; Pallier et al. 1997). Recently, 
studies with infants have shown differences in the way 
they deal with the perception of a native and a non-native 
language, from an early age. lewkowicz and hansen-tift 
(2012) showed that in infants as young as 12 months old, 
visual attention begins to shift from the eyes to the mouth 
of the speaker and again to eyes while listening to a native 
language. Instead, while perceiving a non-native language, 
infants’ attention shifts from eyes to mouth and not back to 
the eyes. according to the author’s interpretation, this find-
ing suggests that in such case infants continue searching for 
redundant information. In summary, phonemic categories 
that are defined early during development affect the way we 
process languages other than our native one. In line with 
this idea, speech information extracted from visible articu-
latory movements might only be exploited in full when the 
visemic categories belong to the listener’s native repertoire. 
In a non-native language, phonological information is per-
ceived, but it is more difficult to match to any existent cat-
egory, hence being less efficient in order to ground any kind 
of online prediction mechanism.

although there is some overlap between the phonologi-
cal representations of any two languages, the remaining 
mismatch between the two phonological repertoires gener-
ally makes for a less effective categorization of non-native 
sounds. this mismatch ranges in extent from slight differ-
ences in the boundaries between phonological categories 
[i.e., voice onset time values between /p/ and /b/ are dif-
ferent between spanish and English (lisker and abramson 
1964)] to the deletion or insertion of whole new phonologi-
cal categories (i.e., English /b/ vs. /v/ are both in the same 
/b/ category in [castilian] spanish (Best 1995)), and it poses 

considerable difficulties for adults trying to discriminate 
and identify non-native phonemic categories that overlap 
with a single phonemic category in their native language 
(strange and Jenkins 1978; Werker and tees 1999; Werker 
et al. 1981).

Phonology has been proposed as a common representa-
tional code for various aspects of speech perception (audi-
tory and visual) as well as speech production (Pickering and 
Garrod 2006; skipper et al. 2005, 2007; Fowler 2004). the 
present results are consistent with the view that audiovisual 
speech perception involves anticipation processes, whereby 
the visual correlates of auditory phonemes are useful in the 
online prediction of speech. the caveat added by the present 
findings is that this is more effective when observers have 
already learned the perceptual consequences of the articula-
tory gesture within a categorical representation.

these findings could be framed within the proposal that 
there is a strong relationship between speech perception 
and production. a common articulatory repertoire shared 
by perceptual and production systems was first proposed 
in the Motor theory of speech perception (liberman et al. 
1967; liberman and Mattingly 1985) and, more recently, by 
models of speech perception based on the predictive cod-
ing theory (Pickering and Garrod 2006; skipper et al. 2005, 
2007; Poeppel et al. 2008; sams et al. 2005). according to 
these models, the motor system is recruited by visual speech 
gestures, in the same way as when producing them (i.e., 
activation is based on previous experience), sending effer-
ent copies of the  expected sensory consequences to sensory 
cortices (forward model), that are compared with the cur-
rent perceived input. this makes it possible to speed up the 
processing of incoming information that matches expecta-
tions. For example, skipper et al. (2007) proposed that the 
neural bases for this is the mirror neuron system (Rizzolatti 
et al. 1996), which has been shown to be comparable to the 
motor-auditory-mediated activation showed by several stud-
ies during speech perception (Fadiga et al. 2002; skipper et 
al. 2007, 2009). these findings suggest that phonetic recog-
nition during speech perception is possible because speaker 
and observer share the same articulatory motor repertoire. 
although our results do not speak directly to the question of 
motor involvement in the predictive coding process, they are 
consistent with this possibility.

On a different level, our results align well with previous 
findings attesting a direct relationship between experience 
articulating speech sounds and an increase of visual influ-
ence during audiovisual speech perception (Desjardins et 
al. 1997; siva et al. 1995). they are also consistent with 
differences in cross-modal temporal processing between 
native versus non-native speech (Navarra et al. 2010). For 
example, in order for audiovisual simultaneity to be per-
ceived, the visual signal must lead the auditory signal in 
time, and Navarra et al. showed that this asynchrony is more 
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pronounced in one’s own language (i.e., vision has to lead 
for a greater interval audition for both to be perceived as 
simultaneous). Navarra et al. argued that when the listener 
is familiar with the viseme–phoneme correlation, the per-
ceptual system handles visual and auditory information 
as being more synchronous in time, reducing the apparent 
temporal separation between the visual and auditory signals 
(see also sekiyama and Burnham 2008). this is consistent 
with the present results, which imply that audiovisual pre-
diction is mostly effective when it occurs within the native 
phonemic repertoire of the listener.

the generally faster responses on matching trials as com-
pared to mismatching ones across all groups in the present 
experiments (together with the significant bias to respond 
“match” for the spanish participants in their native as well 
as non-native language) may reflect a strategy whereby 
participants have an a priori default to make a matching 
response. From this perspective, checking for disconfirma-
tion (mismatching responses) would take longer than check-
ing for a confirmation (matching responses). although Eng-
lish speakers did not show this kind of bias, they nonetheless 
showed the speed up in response times in the matching ver-
sus the mismatching conditions. Faster responses during 
audiovisual matching trials could be related to the engage-
ment of a more compact brain network, in comparison with 
the more widely distributed one recruited by mismatching 
conditions (arnal et al. 2009).

Our central theoretical thrust has been to consider whether 
visuoauditory predictions occur primarily at a phonological-
segmental level as opposed to lower levels, but it is worth 
considering whether higher levels, such as lexical represen-
tations, may also be relevant. Previous studies (Bernstein et 
al. 1998; soto-Faraco et al. 2007; altieri et al. 2011) have 
already demonstrated that visual information carries little 
lexical or semantic information on its own. Moreover, in our 
previous study (sanchez-García et al. 2011), we explicitly 
tested this by asking a group of (spanish) participants to 
lip-read as much information as they could from the same 
spanish materials used here. the result was that subjects 
could not extract more than 4 % lexical information from 
the sentences. this makes us suspect that the lexical/seman-
tic level of information may not play a strong role as a pos-
sible base for cross-modal facilitation in our experiments. 
Yet, it is fair to acknowledge that it cannot be excluded with 
certainty for all participants, given that we did not directly 
test the participants of this particular study for speech read-
ing, and considering the large individual differences in the 
ability to speech-read (Bernstein et al. 1998, 2000).

On another count, we should not ignore the possibly 
important contribution of prosody (i.e., rhythm, stress and 
intonation) to language processing. the possibility that 
rhythmical information is used to support cross-modal 
prediction cannot be ruled out without further direct 

evidence. consider, for instance, that in our experiments, 
the non-native language tested always involved a lan-
guage of a different rhythmic class than the participant’s 
own language (i.e., spanish is a syllable-timed language, 
while English and German are stress-timed languages; 
abercrombie 1967). thus, although we are relatively 
confident in claiming phonology as an essential mediator 
of cross-modal prediction, it is more difficult to pinpoint 
whether it is segmental phonology, prosody, or a combi-
nation of the two, what plays a role (see soto-Faraco et 
al. 2012, for related discussion). In this respect, it is inter-
esting that previous studies testing visual language dis-
crimination in adults (the ability to tell apart two differ-
ent languages based on visual speech alone) have shown 
that it requires prior familiarity with the phonology of, 
at least, one of the comparison languages (soto-Faraco 
et al. 2007). Remarkably, this ability is also present in 
young infants (4 months olds), but quickly lost during the 
process of acquisition of a native phonology (8 months of 
age), unless both comparison languages are relevant in the 
infant’s environment (Weikum et al. 2007). One limitation 
of our experimental design is that it has so far focused on 
phonological and lower levels of representation, such that 
our materials leave little room for higher-level processes 
to operate. however, we believe that during the percep-
tion of speech in more naturalistic settings, it is likely that 
predictive processes will also operate at higher processing 
levels (i.e., lexicon), as has been documented in studies 
of word recognition (see Obleser and Eisner 2008; Norris 
and McQueen 2008; levelt 2001).

Finally, although the present findings reveal the important 
role played by phonological representations in the process 
of audiovisual speech processing, it is only fair to acknowl-
edge that they do not rule out the possible contributions 
from pre-phonological representations (summerfield 1987; 
schwartz et al. 1998, 2004). For instance, as highlighted in 
the Introduction, there is evidence that the perceptual sys-
tem is sensitive to spatiotemporal matching across modali-
ties between low-level features (stekelenburg and Vroomen 
2007; arnal et al. 2009), including those where audiovisual 
interactions are supported by pre-phonological levels of 
representation (Green 1998; Green and Kuhl 1991; Grant 
2001; Kim and Davis 2003; Rosenblum 2005). the specific 
claim we are making here concerns the possibility of rapid 
online cross-modal transfer of information from vision to 
audition, which is admittedly only one aspect of audiovisual 
processing. It is in this domain, of matching auditory and 
visual aspects of the speech signal, that our data suggest 
that the role of preexisting phonological representations is 
important. If lower level cues were the only basis for per-
forming the present task of cross-modal matching, then the 
difference between native versus non-native speech input 
could not have been observed, since the low-level cues for 
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cross-modal matching were identical for all listeners of our 
study. this is why we interpret our evidence as supporting 
for theories that advocate a strong role for phonological lev-
els of representation in audiovisual speech perception.

Appendix

spanish sentences

 1. Pensando que así el queso se mantendría más fresco.
 2. Entró en un castillo y vio a un malvado gigante que 

tenía un caballo blanco.
 3. con un pico tan largo no podía coger los trozos de 

comida más grandes.
 4. Mi hermano y yo estábamos ocultos en una extraña 

terraza de laureles.
 5. Un rato después de la visita yo ya había olvidado esa 

cara redonda y llena.
 6. El héroe del cuento fabricaba una máquina para pro-

ducir espadas.
 7. le mostré la estatua china de piedra verde que yo 

había comprado esa misma mañana.
 8. salió para buscar un bar en el que hicieran café de cali-

dad.
 9. Me tapé con la manta, me tumbé en el sofá de casa.
 10. Enseguida se levanta, guarda la rosa entre sus manos.
 11. la fruta relucía en la mesa, parecía de mentira.
 12. los dos viejos amigos se acercaron cada uno a un 

espejo.
 13. No daba nunca las gracias y nunca levantaba la vista 

para saber quién era el donante.
 14. En las afueras de la ciudad, escondida entre los árbo-

les, se encontraba una pequeña casita blanca.
 15. Un día mientras el hombre se encontraba ya trabajando 

en el pueblo.
 16. los cristales estaban tan limpios que reflejaban la luz 

del sol.
 17. los libros estaban clasificados en diferentes temas.
 18. como el ordenador no funcionaba llamaron a un téc-

nico.
 19. la gente tenía que encender sus chimeneas casi toda la 

noche.
 20. Ese hombre era conocido como el cómico más diver-

tido del mundo.
 21. El guitarrista era feliz sobre el escenario, tocando hasta 

la madrugada.
 22. Después de caminar todo el día por un camino muy 

difícil al fin vieron las primeras luces del pueblo.
 23. cuando llegaron a la casa estaba muy sucia.
 24. hay tan pocas cosas por las que estar contento y feliz.
 25. Pasó el verano y vino el otoño y el jardín continuó 

dando flores.

 26. los pocos que quedaban empezaron a reconstruir el 
castillo.

 27. su gran ilusión era salir de su casa durante el día.
 28. En ocasiones, a uno le hace falta vivir una tragedia 

para volver a poner las cosas en perspectiva.
 29. la oficina estaba totalmente vacía cuando ellos se 

fueron.
 30. El hombre que le tenía que vender la bicicleta no cogía 

el teléfono.
 31. El agua de la lluvia, que ha entrado sin parar, se ha 

colado hasta mis rodillas.
 32. tenían la televisión a un volumen tan alto que no se 

podían entender.
 33. todos los relojes se pararon a la misma hora.
 34. El sol se filtraba entre los rascacielos del centro.
 35. acostado en la cama de matrimonio, un hombre con 

los ojos húmedos leía una carta que le trajo el correo.
 36. la policía llegó a la manifestación de estudiantes tan 

rápido como pudo.
 37. El bosque estaba muy quieto cuando los hombres lle-

garon.
 38. El hombre de blanco le miró desde lejos, sonriendo.
 39. los patos se acercaron a ellos, esperando a que les 

tiraran un poco de comida.
 40. Era inútil abrir los ojos y mirar en todas direcciones.

English sentences

 1. Very old studies have classified one thousand species.
 2. an old family lived in this house for many years.
 3. the voyage took them over the bridge and up the 

mountain.
 4. another version of this silly story describes a fox.
 5. there was but just one exception to this difficult and 

trying rule.
 6. although poor, they were happy together.
 7. When the kind woman knew what had happened to her 

pet she was very sad.
 8. a new student approached the Zen master and asked.
 9. leaving their home every morning before sunrise.
 10. he never went to work. he didn’t even go out.
 11. the strongest thief climbed over the wall and ran.
 12. the pain was so great that he could not sleep at night.
 13. she is seven years old, her family is very rich.
 14. When I first arrived, the entire town was talking about 

him.
 15. Nothing but the prospect of a huge payment induced 

the corrupt man to have anything to do.
 16. the fact that he was prime minister apparently had no 

effect.
 17. that was one bad name to have when I was younger.
 18. sometimes the tone of his voice was harsh and stri-

dent.
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 19. If you were to be here, you could see for yourself.
 20. Except at dinner-time my brothers and sisters and I 

used to see my father very little.
 21. so when he tells her that the entire family will be leav-

ing the city the next weekend she is not surprised.
 22. he was only twelve years old when a younger brother 

of his mother came.
 23. later that night, in the dormitory he shared.
 24. all of a sudden the room became as bright as the sun.
 25. Normally, after their bath, the boys would be put 

straight into their pyjamas.
 26. there was a mutual bond of loyalty and trust.
 27. Quite a few girls were sorry to see James married.
 28. he sat down next to the kitchen door.
 29. andrew disliked working and believed that at home he 

was free.
 30. the Doctor has always been a good man, she thinks.
 31. Peter happily accepted the rich proposal.
 32. the household economy of my parents was on a hum-

ble plane.
 33. a honeybee hive is far more than just a buzz of activ-

ity.
 34. I am devoted to studying your system of martial arts.
 35. the farmer got so old that, sadly, he couldn’t work the 

fields anymore.
 36. Many students wondered about this and went to the 

village.
 37. the next morning another poem appeared on the wall 

in the hallway.
 38. that night he was unable to sleep because he feared.
 39. Finally, their voyage brought them to a cement wall.
 40. On the other side they could hear the sound of a water-

fall.
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