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ABSTRACT

Models of speech perception differ in the naturéhef relationship
between speech perception and production. Whetlpsrech
perception and production processes are based @onanon
representationsthe articulatory gestureor speech perception
fundamentally operates on the acoustic code ishhigbbated. In
three experimental studies, we investigated theureabf the
relationship between speech perception and pramtuchn the first
study we found an active role of the speech productystem in
speech perception, even when listening to unfanpinemes. In
the second study we found no influence of a soreatimy
manipulation applied to an articulator in passigeexch perception.
In the third study we showed that speech percepi@hproduction
abilities are tightly related across phonologicabgesses (sub-
lexical and lexical) and participants’ languagestifre- L1- and
second languagd.2-). The results suggest that speech perception
and production are intimately linked.
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RESUMEN

Los modelos de la percepcion del habla difieremestdbnaturaleza
de la relacion entre la percepcion y la producdai@h habla. El
debate se centra en si ambos procesos compartero com
representacion basica los gestos articulatorios ien ksi la
percepcion del habla se basa en el codigo auditivestigamos la
naturaleza de la relacion entre la percepcion gymoion del habla
en tres estudios experimentales. El primer estatistré que el
sistema de produccion del habla participa activaeesn la
percepcion. El segundo estudio no reveld influencen la
percepcion pasiva del habla de una manipulaciéragmsansorial
aplicada en un articulador. El tercer estudio ndostna fuerte
relacion entre las habilidades de la percepciémrodyccion del
habla en varios procesos fonoldgicos (sub-léxicokxycos) y
lenguas conocidas por los participantes (primerasegunda
lenguas). Los resultados sugieren que la percepciproduccion

del habla estan intimamente relacionadas.
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PREFACE

We are listening to speech constantly, when talkmga friend,
calling someone on the phone, or listening to tlaio:
Understanding speech is an automatic and efforfegsess. We
are able to listen to someone at the same timentbatan do other
things, such as walking or driving the car. Howewshen we
consider the acoustic properties of the speectakmre can realize
that analyzing speech and categorizing speech sosnactually a
very complex process. The acoustic properties @anphmes vary
not only among speakers but also for the same spedke are all
having different voices and this influences how $peech sounds.
For instance, generally speaking, when a woman roaa say the
same speech sound, let's say the vowel “a”, it dsunuch higher
when a woman says it than when a man says it. mbens that the
acoustic signal for the “a” articulated by a womamd the “a”
articulated by a man are acoustically very differeBut even
among women and men we find many acoustic diffexenc their
speech sounds. Speech sounds are also acoustidhgnt even
for the same speaker because of co-articulation taauses
influences of preceding speech sounds on the med, peech rate,

or even emotional state.

The speech perception system faces the task ahfjndamong so
much acoustic variability, those invariant propesti that
characterize each phoneme category. Despite thaaweecognize

speech sounds fast, robustly, and effortless, ewmm computer



algorithms struggle to achieve human performanceategorizing
speech sounds. So thkaw isour brain able to perceive speech so

easily while it is difficult to decode for compusér

Historically, researchers proposed two differertoamts for speech
perception, an acoustic and a motor and one. Asidinge already
says, acoustic models of speech perception focuth®racoustic
nature of speech (Diehl, Lotto, & Holt, 2004; Fled995; Hickok
& Poeppel, 2007; Klatt, 1979; Kuhl & Iverson, 1999arslen-
Wilson & Welsh, 1978; McClelland & Elman, 1986; Ner 1994).
Their main goal is to find algorithms that are atweinterpret the
acoustic waveform and extract from it smaller speaaits, such as

phonemes and words.

The motor account on the other hand focuses onlasiti@s
between speech perception and production (Best5;1B8st &
Tyler, 2007; Fowler, 1986; Liberman & Mattingly, 8%
Pulvermiiller & Fadiga, 2010). Thus, the motor vipmposes that
speech perception and production share a commoesesgation of
speech sounds - the articulatory gesture. This sd¢lhat when
listening to speech, we translate the acoustic asignto an
articulatory gesture to be able to process speechta identify
phonemes and words. Liberman and Mattingly (198®pqsed
articulatory gestures as the basic unit for spgerheption because
articulatory gestures vary less than the acouggita meaning that
the speech perception system can easily find tharient properties
of speech sounds that are characteristic of th&@grhe categories.



However, this assumption has been challenged hysticaaccounts
that claim that speech perception is an auditomppdation and
that taking into account a combination of acousties can lead to
the identification of speech sounds without tratirstathem into the

articulatory gesture (Diehl et al., 2004).

Recent neuroimaging studies opened up again that@lebout
whether speech perception relays on acoustic oomprbcessing
by showing influences of speech production on dpgerception
(D’Ausilio et al., 2009; Fadiga, Craighero, Buccir® Rizzolatti,
2002; Mottonen & Watkins, 2009; Pulvermiiller et, a2006;
Watkins, Strafella, & Paus, 2003; Wilson, Saygirereédo, &
lacoboni, 2004). The main goal of this dissertatisrto test the
relationship between speech perception and production proposed

by the motor accounts of speech perception.

This dissertation is divided into three sectiomstHe first section
(Chapter 1:“Introduction”), we review in detail the different
theories and models for the motor and acousticuatdsoof speech
perception. We also review three recent neurobicédg
experimental approaches that challenge the acoustic of speech
perception by claiming that brain areas involved lamguage
production are an integral part of the speech péime system. The
first set of experimental series showed that lisigimo speech does
not only activate brain areas related to speecbepéion, but also
brain areas related to speech production (Fadigal.et2002;
Pulvermdiller et al., 2006; Watkins et al., 2003]34/n et al., 2004).
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These studies investigated patterns of neural atativs when
perceiving speech and we will group them in thetisec*The
influence of speech perception on speech productirsecond set
of studies reported that manipulating the productisystem
influenced speech perception (D’Ausilio et al., 2000, Tiede, &
Ostry, 2009; Mottbnen & Watkins, 2009; Sato et 2011). These
studies focused on the effects of speech produdtiospeech
perception and thereby they will be presented uti@ibe influence
of speech production on speech perceptidahally, we review a
third set of studies that measured the strengtthefrelationship
between speech perception and production by ctingléhe two
processes directly (Flege, MacKay, & Meador, 190&tushina &
Frauenfelder, 2014; Levy & Law, 2010; Peperkamp &uéhon,
2011; Rallo Fabra & Romero, 2012). These studiese wsually
performed with second language (L2) learners bec#usy show
higher variability in their perception and prodocti abilities
compared to native speakers who perform at ceiliffge high
variability in L2 learners’ abilities allows for ¢huse of correlations,
which tests the relationship between speech peocepand
production in both directions. These studies arecileed in the
section ‘Correlations between speech perception and prodaocti
skills”. We end this chapter by providing an overviewh# studies
conducted within this dissertation and how theyesstthe previous

literature.

The second section includes three experimentalestudubmitted

to international peer-reviewed journals. In thetfstudy (Chapter 2:
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“Increased lip corticobulbar excitability during th@erception of
non-native phonemey'we explore if listening to native and non-
native phonemes activates the speech productiotersydy
applying transcranial magnetic stimulation (TMSepthe lip and
tongue representations in the motor cortex and roao
excitability of the corticobulbar tract (connectittte motor cortex
with facial muscles). The second study (Chapter”Attention
modulates somatosensory influences in passive lsdestening”)
investigates if constraining the production systeynmeans of a
somatosensory manipulation, a spoon over the tqngflaences
speech perception of native and non-native phonememssive
listening conditions by measuring electrophysiotagjiresponses
(EEG). In the third study (Chapter 4EXploring the relationship
between speech perception and production acrossigibgical
processes, language familiarity, and sensory mdtdali) we test
the strength of the relationship between speecltepéon and
production by measuring speech perception and ptimdtu
processes across phonological processes (subilendalexical),
languages (native, L2, and foreign), and sensorydatiites

(auditory and visual).

In the last section (Chapter ‘®iscussion”) the results of the three
experimental studies are combined to generate erglediscussion.
We first summarize the three studies and how thesults
contribute to the current literature. Then we répbe general
conclusions based on all three studies and profuoteer lines of
research.
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1. INTRODUCTION

Speech perception and production relationship

What is the nature of the relationship between dpg®erception
and production is still highly debated and the basde of the
speech perception representations remains eluSinaitionally,
researchers in the field of language proposedsiedch perception
and production were two different processes anaseguently,
they studied them separately. Early studies bdssedonclusion on
the observation that patients with brain damagténfrontal lobes
had problems in speech production (Broca’s aphasia)e patients
with brain damage in the temporal lobe showed @rmoislin speech
perception (Wernike’s aphasia) (see Gazzaniga, mg Mangun
(2002) for a review). This assumption led to theed@pment of
separate models for speech perception (Klatt, 19&@slen-Wilson
& Welsh, 1978; McClelland & Elman, 1986; Norris, ) and
production (Dell, 1986; Fromkin, 1971; Levelt, 198Bevelt,
Roelofs, & Meyer, 1999). Yet, other views concepiagal speech
perception and production as closely related pseEzeshat share a
common articulatory representation of phonemes [(Eiowi986;
Liberman & Mattingly, 1985).

One of the first theories that claimed for a commepresentation
of speech perception and production processes hasMotor
Theory of Speech Perception (Liberman, Cooper, [Shaiter, &
Studdert-Kennedy, 1967). The theory was based @mliservation
that the acoustic signal for the same phoneme eay depending



on the phonemes that surround it in a word. Thhs, lack of

invariant features for speech sounds in the audgpeech signal
led researchers to wonder how the speech percepygtem dealt
with such a high variability. Liberman et al. (1968asoned that
the basic unit of speech perception should be aariemt element
and proposed it to be the articulatory gesture.ofdiaog to the

Motor Theory, speech perception was thus explamedbstracting
the articulatory gesture from the speech signagviding the

connection between speech perception and productemhanisms.
Some researchers challenged such assumption logirtpthat the
listener could also learn to associate differemuatic cues for the

same phoneme category and integrate them (Diethl, &004).

The motor view of speech perception gained agaientdn by
recent neuroimaging studies showing that listentng speech
activates brain networks extending beyond the ticadil auditory
areas within the temporal lobes, and included dpg®oduction
areas, such as motor and somatosensory cortichége(iiller et
al., 2006; Wilson et al., 2004). Based on this enik, researchers
proposed more recent neurobiological models of @pgeocessing
(see Figure 1.1 for an example) which allow forerattions
between speech perception and production areashen btain
(Hickok & Poeppel, 2007). In this model, speechdpiciion is not
essential for perception, but rather would be rigeduonly when the

listening conditions are difficult.



motor regions

dorsal stream:
connecting

S e speech perception
- | and production

-
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acoustic analysis

Figure 1.1. Representation of the brain areas involved in shegerception in

the left hemisphere according to the Dual Streanmd®ldHickok & Poeppel,

2007). Inside the purple oval are the traditionpesch perception areas in the
temporal lobe, connected through the ventral streatrich is proposed to

analyze the acoustic signal. Inside the blue owva the traditional speech

production areas in the motor regions of the bra8peech perception and
production areas are suggested to connect througk torsal stream.

Reproduced from Hickok & Poeppel, (2007).

Despite this recent evidence for the involvement spieech
production areas in speech perception, the nafuiteeaelationship
between speech perception and production remailisektsive
(Hickok, Houde, & Rong, 2011; Pulvermuller & Fadig2010;
Scott, McGettigan, & Eisner, 2009). In this disagdn we
contribute to the ongoing debate by investigating telationship
between the two linguistic processes under varyegrees of

language proficiency, from the native language, atosecond



language (L2), to a completely unknown languagere@diter
referred to as “non-native”). In this chapter weiesv different
theories and models of speech perception accordingheir
conceptualization of the nature of the basic spegth(motor vs.
acoustic) and provide different experimental apphes that have
been previously employed to tackle the nature ef ridationship

between speech perception and production.

1.1. Theories and models of speech perception

In general, two broad categories of speech pemepkieories and
models can be distinguished: motor and acoustis,aech roughly
corresponding to contrasting views about the natafethe
relationship between perception and production. I&/hnotor
accounts assume that speech perception and produshiare a
common representation of speech sounds: the atoryl gesture
(Best, 1995; Best & Tyler, 2007; Fowler, 1986; Llinan &
Mattingly, 1985; Pulvermuller & Fadiga, 2010), astia accounts
assume separate representations for speech perceptnd
production, connecting at some point (often an ioiphssumption)
(Diehl et al., 2004; Flege, 1995; Hickok & Poepp2d07; Klatt,
1979; Kuhl & Iverson, 1995; Marslen-Wilson & Welst978;
McClelland & Elman, 1986; Norris, 1994). This meatisat
according to the motor view, not only when prodgcgpeech, but
also when listening to speech, the articulatoryiugesis crucial for
the identification of the perceived speech soundsnce, the
reliance on common representations leads to a ligktbetween

speech perception and production and implies a ahdipendency



between speech perception and production. In cethmacording to
the acoustic view of speech perception, the acossginal contains
enough information to perceive speech and speemfuption does
not play a role in perception. Some acoustic modegjse that being
able to perceive a sound accurately is a necessgujrement for
being able to produce it (Flege, 1995; Kuhl & ha@rs1995) and,
hence, posit a dependence of production on pearepét least
when learning a language. The acoustic view of @p@erception,
thus, expects only an influence of speech percepbio speech

production.

1.1.1. Motor theories and models

The two most representative motor theories arerelissed Motor
Theory of Speech Perception by Liberman and Mditif$985)
and the Direct Realist Theory by Fowler (1986). ércling to the
revised Motor Theory of Speech Perception, therist perceives
the intended articulatory gesture of the speakdis Pprocess is
performed by a language-specific and innately ginepresentation
of the vocal tract synthesizer that contains infaiion about its
anatomy and the mapping between acoustic signdlsditulatory
speech gestures. When listening to speech, thbesjiner translates
the acoustic signal into the articulatory gestunat tis further
decoded into neuromotor commands corresponding perifsc
features of movements (e.g. “labial”, “occlusivéhasal”, etc.).
Phonemes are then identified by a specific comimnatof

neuromotor commands.



In the Direct Realist Theory, Fowler (1986) arguiést the
articulatory gestures are directly obtained frora #toustic signal
and no transformation of the gestures, such as onetor
commands in the Motor Theory, has to take places Dhirect
Realist Theory proposed that each articulatoryuyesttructures the
acoustic signal in a specific manner thus providiegough
information to the listener to recover the artitotg gesture
directly from the auditory input. Through generataining
mechanisms, the listener attunes to the informétian is relevant
to abstract articulatory gestures from the acousignal and
actively searches for this information in it. Thtise Direct Realist
Theory is based on general perception and leamiechanisms, in
contrast to the Motor Theory postulation that agleage specific
and innately given vocal tract synthesizer is ndefle speech

perception.

Best (Best, 1995; Best & Tyler, 2007) implementéé Direct
Realist Theory for non-native speech perceptiotha Perceptual
Assimilation Model (PAM). According to PAM, non-rat
phonemes are perceived by comparing them to theulatory
gestures of native phonemes and finding similariti@end/or
discrepancies between them. Based on the singgritithe
phonemes can be assimilated to a native phonemregagtor be
assimilated either as an uncategorizable speeds arnon-speech
category. If two non-native phonemes are assintilabethe same
native category, discrimination is expected to ifecdlt. However,
if two non-native phonemes are assimilated to ckffe categories,



or they differ in how good they fit within the samategory, they
should be properly perceived. These predictiongyappnon-native
perception and production skills, as both processfs on the

articulatory gesture.

A sub-set of motor models and theories claims thia
representations of speech are based on articulatfaymation but
they also acknowledge that sensory input is relevan speech
perception. This multimodal view of speech peraaptiis
represented by the Perception-for-Action-Controkdity (PACT)
(Schwartz, Basirat, Ménard, & Sato, 2012) and thezl Logical
Model of Perception (FLMP) (Massaro, 1987). In PAGEhwartz
et al. (2012) claim that the basic units of speeetteption convey
multimodal cues such as articulatory, auditory, awigual
information. Based on the observation that botrespegerception
and production shape the speech sounds, the meglehas that we
perceive “perceptually-shaped gestures” or “perc@photor
units”. The FLMP by Massaro (1987) claims that speenits rely
on both acoustic and visual speech information.ofdiag to this
model, phonemes are represented in the form obiys, which
represent the perfect auditory (e.g., acousticrmégion such as
formant frequencies) and visual values (e.g., Viguaeen
articulatory gesture such as lip closing) for théomemes.
Therefore, FLMP links speech perception and pradocthrough
the auditory and visual modalities. Hence, theseltimodal
accounts of speech perception expect a closeae#ip between
speech perception and production but differ from ¢ther motor



theories and models in this section in regard ® hihsic code of
speech representations.

Motor theories, such as the Motor Theory of SpeBenception
(Liberman & Mattingly, 1985), are very vague abothe
mechanisms connecting speech perception and producthe
discovery of mirror neurons postulated a possildeiteon for a
neural mechanism integrating speech perception moduction.
These neurons were first discovered in the monkbgy are active
during both the perception and execution of a marmnand thus
combine perception and production in the same yen(di
Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatfi992).
Furthermore, a set of audio-visual mirror neuroas been found to
respond to the performance of an action, the paomempf the
action, and the sound produced by the action a{Koéler et al.,
2002). These neurons are found in a brain areheofonkey (area
F5) that has been proposed to be the homologueanfa®® area in
humans, an important brain region for speech proolu¢Rizzolatti
& Arbib, 1998). The finding that Broca's area hadndtional
similarities to mirror neurons, such as an involeamin action
perception and production, lead to the claim thah&ns possess a
mirror system that integrates speech perception @nodiuction
(Pulvermuller & Fadiga, 2010).

To sum up, the motor view of speech perception ssiggthat
speech perception and production share a commaoesegation:
the speech articulatory gesture. The perceived sticoinput is



translated into the articulatory gesture eitheralnyinnately given
and language-specific vocal tract synthesizer (loizn &
Mattingly, 1985) or directly obtained from the astia signal (Best,
1995; Best & Tyler, 2007; Fowler, 1986). Others aaptualize
speech representations as multimodal units thabowrproduction
and perception information (Massaro, 1987; Schweirtal., 2012).
The discovery of mirror neurons led to the propogelt these
neurons might integrate speech perception and ptiotuin the

same entity (Pulvermtiller & Fadiga, 2010).

1.1.2. Acoustic theories and models

Acoustic models of speech perception propose thaedh
perception is only an acoustic process. The Lexfmaless From
Spectra (LAFS) by Klatt (1979) suggests that waatks perceived
directly from the acoustic signal-the spectrum. edtimodels
including the Cohort Model by Marslen-Wilson and léfe (1978),
the TRACE model by McClelland and Elman (1986), ahe

Shortlist Model by Norris (1994) propose that tlvewstic signal is
transformed into abstract phonemic representatidmsh are then
used to find words in the mental lexicon. These efmtbcus solely
on speech perception and do not address how iteseléo
production. However, this does not exclude the ipdagyg that

speech perception and production processes intatamme point

during the speech perception process.

Examples of acoustic models that focus on phoneraming are
the Native Language Magnet Model from Kuhl and $oer (1995)



and the Speech Learning Model (SLM) from (Flege95)9 The
idea of the Native Language Magnet Model is tha& #toustic
space corresponding to different instances of #mesphonetic
category are dragged together and integrated tsiogée category.
The central sound in the category is called thetopype and
surrounding instances are perceived as closeretgithtotype than
two sounds with the same acoustic distance outbielgrototype.
Kuhl and Iverson claim that the prototypes are sHapy
experience in early language acquisition and that grototypes
influence both speech perception and speech prioduct

An acoustic model of L2 phoneme learning is theeSpe_earning
Model (SLM) from Flege (1995). Similar to PAM (Be4095; Best
& Tyler, 2007), SLM proposes that native and L2 espe sounds
share a single phonetic space and that the learointhe L2
phonemes will depend on how they relate to theveatnes.
However, for SLM, L2 phonemes are related acoustita native
phonemes and not articulatory, as proposed by PAMis
difference in reliance on the acoustic or articutatspace leads to
different predictions about the relationship betwé2 perception
and production skills. As described before, in PAB&st proposes
that L2 perception and production are both dependedthe
articulatory gesture. This means that accurate Libnpme
perception and production abilities are simultasdoweveloped
and both abilities should be highly correlated.cbontrast, Flege
suggests in SLM, that accurate L2 phoneme peraegiirecedes
accurate L2 production. This means that, especiallyearly
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learning phases, L2 learners may perceive a phoaemeately but
not produce it, leading to imperfect correlatioirs.later learning
phases L2 production skills are expected to imprdeading to
moderate to high correlations between L2 perceptiamd

production skills.

More recent acoustic theories and models of speecheption,
such as the Dual Stream Model for speech percefrioom Hickok

and Poeppel (2007), postulate that speech perecepénd

production processes can interact under some cstanoes. In the
Dual Stream Model (see Figure 1.1), Hickok and Pekpuggest a
direct functional connection between speech peimeptand

production brain areas. The Dual Stream model stf two

streams: a ventral and a dorsal one. The ventr@hrst involving

structures of the temporal lobe, analyzes the diwoggnal and
retrieves the linguistic meaning by breaking theustic signal into
its components of phonemes, words, etc. A secorehrst the
dorsal stream, links auditory perception areashentemporal lobe
with articulatory motor areas in the frontal regioaf the brain
through the parietal areas. The dorsal stream #ilevs for

interactions between perception and productionitesi Yet, the
authors argue that the dorsal stream is only aetivavhen the
auditory signal alone is not sufficient for an aata perception
(Hickok et al., 2011).

An acoustic approach that directly argues agairsbntheories is
the General Auditory and Learning Approach by Diethl. (2004).
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Diehl and colleagues propose that speech perceatidrproduction
processes are related because the auditory sigdahmiculatory
gestures are repeatedly presented together, leagliogrrelations
between them. However participants can also behtatagidentify
phonemes by repeatedly seeing correlations betwssamingless
auditory and tactile information. Since in thiseghonemes can be
identified by other information than articulatorgsgures, Diehl and
colleagues claim that correlations between the sttmsignal and
articulatory gestures do not proof that speech gmien is

articulatory.

To sum up, according to acoustic theories and nspdgbeech
perception relies exclusively on the acoustic agialpf the speech
signal (Diehl et al., 2004; Flege, 1995; Hickok &dppel, 2007
Klatt, 1979; Kuhl & Iverson, 1995; Marslen-Wilson &Velsh,
1978; McClelland & Elman, 1986; Norris, 1994). Someoustic
models of language learning postulate a link betwése two
abilities and claim that speech production dependghe phoneme
categories created by speech perception (Flege5;1K@hl &
Iverson, 1995). Furthermore, more recent model®wallfor
influences between speech perception and produgirocesses
under some circumstances, such as difficult lisigntonditions
(Hickok & Poeppel, 2007). Other researchers, sutDeehl and
colleagues (2004) propose that correlations betwhenacoustic
signal and articulatory gestures are established that these
correlations do not proof that articulatory gessuaee the basic unit
of speech perception. Thus, in contrast to moteotiles, for which

12



speech production is essential for speech pereept@oustic
theories suggest that speech production depengsroaption.

In the next section we describe three lines ofaretethat aimed at
investigating the nature of the relationship betwespeech

perception and production.

1.2. Experimental evidence for the interaction beteen
speech perception and production

In this section we describe three experimental @ggres that
tested the predictions of the motor and acoustmwaats on the
nature of the relationship between speech peraeptamnd
production. According to the motor view, speechcpption and
production share the same set of phoneme représenta.e.,

gestures) and, hence, are intimately linked (B#985; Best &
Tyler, 2007; Fowler, 1986; Liberman & Mattingly, 8%

Pulvermuller & Fadiga, 2010). Empirically, this itha implies

bidirectional influences between speech percepimh production,
that is, speech perception should influence proedncbut also
speech production should influence speech peraepitiocontrast,
acoustic accounts of speech perception (Diehl .et2804; Flege,
1995; Hickok & Poeppel, 2007; Klatt, 1979; Kuhl &kson, 1995;
Marslen-Wilson & Welsh, 1978; McClelland & Elman986;

Norris, 1994) claimed that speech perception iawdhitory process
and does not require production. According to tb®uatic account,
speech perception can influence speech productienause

production depends on the phoneme representatioltsup by the
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speech perception system (Flege, 1995; Kuhl & tverd995) but
only under difficult listening situations, when therception system
is taxed, the production system intervenes in ppice as a

compensatory mechanism (Hickok & Poeppel, 2007).

The first line of research studies reviewed in tlgsction
investigated the effects of speech perception mgatipns on the
activity of production brain areas. The seconddfettudies tested
the reverse manipulation, that is, if manipulatihg activity of the
motor brain areas had an impact on speech peroeplibose
studies were carried out in the native languagthefparticipants.
The third approach compared speech perception andugtion
abilities in L2 learners to investigate if a coatgn existed between
the two skills. As explained in the previous paggdr, both motor
and acoustic views agree in the predictions thaesp perception
manipulations may have an effect on productiosi(fine of studies
here reviewed) and that perception and productidlitiaes correlate
(third line of studies reviewed). Yet, that speeploduction
manipulations may affect speech perception (sesadf studies
reviewed) is only predicted by the motor view oésph perception
and, hence, is the critical evidence to refuteait@ustic view. Note,
however, that an acoustic model of speech peragptiee Dual
Stream Model (Hickok & Poeppel, 2007), stated tlsgeech
production may be necessary for perception onlyovercome

difficult listening conditions.
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1.2.1. The influence of speech perception on speech
production

Researchers investigated the influence of speecbeon on

production by measuring if listening to speechwatés production
areas in the brain. Some of these studies usedidnat Magnetic

Resonance Imaging (fMRI) to show that listening gpeech
activated brain areas extending beyond traditianalitory areas to
speech production areas in motor cortices (Pulvikemiet al.,

2006; Wilson et al., 2004). For example, Pulvereriét al. (2006)
compared the brain activations when participaatsiyely listened
to or articulated the consonants ‘p’ or ‘t’, proeédcby a lip or a
tongue movement respectively. Results showed tlestsiypely
listening to the consonants resulted in activatiomsthe same
regions of the motor cortex that were also activeenvarticulating

the same consonants.

Similar results have also been obtained measurargcobulbar

excitability (Fadiga et al., 2002; Sundara, Namagam, & Chen,
2001; Watkins et al., 2003). To measure corticoaubxcitability,

Transcranial Magnetic Stimulation (TMS) is appl@cer the motor
cortex and the excitability of the corticobulbaadr (connecting the
primary motor area with the facial muscles) is rded by means of
electrodes placed on the muscles. Watkins et @D3Rrecorded
corticobulbar excitability from the lip muscle, diparticipants
were viewing or listening to speech in comparisontwo non-

speech conditions: listening to non-verbal sounsisc{ as car

engines) and viewing eye movements. The authomsdf@mhanced
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corticobulbar excitability for the speech condisonompared to
viewing eye movements. Listening to non-verbal sisuresulted in
an intermediate excitability that was not differémm the speech
conditions, or from viewing eye movements (probablcause
some of the non-verbal sounds could be imitatedraiami,
Restle, and Ziemann (2011) showed that the conitaip
excitability even increased during difficult speeelewing and
listening tasks, such as when the speech was gspeeapeor
embedded in noise. Furthermore, corticobulbar akdity studies
showed that activations of the production areasnduistening to
speech can be specific to the articulatory musesesl during the
production of the speech sounds. Fadiga, Craiglguwogino, and
Rizzolatti (2002) found that the corticobulbar éability of the
tongue muscle was higher during listening to wadgulated with
a tongue movement (‘rr’) compared to words thatro use a

tongue movement (‘ff").

The studies described before showed that listetangative speech
activated not only speech perception but also prtalu areas.
However, it is less clear if listening to non-natispeech can
activate production areas, since both the acoasttt articulatory
representations of non-native phonemes are popdgified to the
speaker. Evidence for activations of productionasareduring

listening to non-native speech comes from an fMiatlg. Wilson

and lacoboni (2006) found higher activations induation areas
when participants listened to non-native phonengesppared to
native phonemes. In contrast to the higher actiwatfor non-native
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speech found by the fMRI study, measuring cortibbul
excitability, Swaminathan et al. (2013) found highetivations for
watching visual native speech compared to non-eagpeech. In
the study, lip corticobulbar excitability was megsiwhile natives
and L2 learners of English were viewing known speg@english),
unknown speech (Hebrew), non-speech movementsqguand a
static face. The results showed increased cortibabexcitability
for viewing known speech compared to viewing unkn®@peech or
non-speech lip movements for both native and L2rnkxs.
Surprisingly, viewing a static face also resulted higher lip
corticobulbar excitability that was not differentom viewing
known speech what was interpreted as an anticipatfohearing

speech.

To sum up, as expected by the motor and acoustiouats of
speech perception, previous studies showed evideneetivations
of the production system during native speech péime (Fadiga et
al., 2002; Pulvermuller et al., 2006; Watkins et 2003; Wilson et
al., 2004), while it is not clear if these actiwais are dependent on
sensory-motor experience. Although an fMRI studgvedd higher
activations of the production areas when listeniognon-native
speech (Wilson & lacoboni, 2006), another study sudag
corticobulbar excitability showed higher activasofor viewing
known as compared to unknown speech (Swaminathain €013).
Furthermore, it is not known if listening to nontima speech can

result in articulatory specific activations in theotor cortex and if
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these activations might be related to other measusach as
individual perception and/or production skills.

1.2.2. The influence of speech production on speech
perception

Several studies investigated whether manipulatingeesh
production areas in the brain influenced speechcgmtion
(D’Ausilio et al., 2009; Ito et al., 2009; Motton&nWatkins, 2009;
Sato et al., 2011). Investigating this directiotyali.e., an influence
of speech production on perception, is very impurtaecause, as
explained before, only the motor account on spegefteption
expects such an influence. These studies testéuk ipproduction
system influenced speech perception by means ofatiog or
deactivating areas in the primary motor cortex wiltMS
(D’Ausilio et al., 2009; Mottonen & Watkins, 2009)pr
manipulating an articulator directly with a somaasory
manipulation (Ito et al., 2009; Sato et al., 20Hgr example, Sato
et al. (2011) trained participants to either pitbgsr tongue against
the anterior palate or protrude their lips beforstehing to
phonemes articulated with the tongue (/t/) or witle lips (/p/)
masked with noise. The motor training influenceel thsponse bias
(beta) towards responding more often to the phon#mé was

articulated with the muscle that they trained befor

Although these studies showed that the productigstem
influenced speech perception, finding an influeniepended on

paying attention to the stimuli (M6ttonen, Dutté@&Vatkins, 2013,
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Mottonen, van de Ven, & Watkins, 2014), and thdialifty of the

listening conditions and/or tasks (Alho et al., 20D’Ausilio,

Bufalari, Salmas, & Fadiga, 2012). This is in lim&h acoustic
proposals suggesting that the production systereasiited under
certain conditions, such as difficult tasks andi&iening conditions
that require attention (Hickok et al., 2011; Scett al., 2009).
Regarding attention, Métténen et al. (2013, 201daativated the
lip representation in the motor cortex with repedit(r)TMS and
then measured the auditory event related poter(itds) elicited
by phonemes articulated with the lips or tonguerdpattentive and
passive listening conditions. The authors found t@en attention
was paid to the stimuli, the deactivation of the depresentation
resulted in articulatory specific effects, influemg only the
auditory ERPs evoked by the lip articulated phorent¢éowever,
during passive listening, the deactivation of therepresentation
resulted in general effects, influencing the ER®%oth lip and
tongue articulated phonemes. The authors suggésadattention
modulated the specificity of the influences of gieduction system

on speech perception.

Researches also showed that the difficulty of thetering
conditions and/or task modulated whether the proolucsystem
influences speech perception (Alho et al.,, 2012AUBilio et al.,
2012). For example, D’Ausilio et al. (2009, 2012ampulated the
difficulty of the listening conditions while stimaing with TMS
either the lip or tongue representation in the matrtex when
participants listened to phonemes articulated wéhlips or tongue.
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In a difficult condition the audio was masked withise whereas in
an easy condition the audio was not manipulated.althors found
that only in the difficult condition, when the anodivas masked, the
TMS stimulation influenced the behavioral performanof the
participants: Participants were faster and moreurate in
responding which phoneme they had listened to.

In support to the motor view of speech perceptistydies
manipulating the speech production system found Speech
production influenced perception. However, the ifigg could also
be accounted by the acoustic view of speech peorems a
compensatory mechanism for difficult listening cibiochs. Hence,
the nature of the influence of speech productionpenception
remains poorly understood.

1.2.3. Correlations between speech perception and

production skills

The relationship between speech perception anduptioesh has also
been investigating by analyzing whether the twditeds correlate
in L2 learners. In the native language it is vaffiallt to assess the
correlation between speech perception and produdidls since
natives perform at ceiling and show little variéliin these skills.
On the contrary, L2 learners show large variability their
performance. Studies have shown differences irstitrength of the
relationship between L2 perception and productiamging from
high (Flege et al., 1999) to moderate (Levy & L&010; Rallo
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Fabra & Romero, 2012) to no correlations (Kartugahi&
Frauenfelder, 2014; Peperkamp & Bouchon, 2011).

Flege et al. (1999) found high to moderate con@bat between
speech perception and production testing both tegsilinvolving
acoustic-phonological processing. L2 perception massured in a
discrimination task of isolated vowels and L2 proibn was
accessed by repeating words spoken by a nativiepdepetition
tasks can be achieved by echoing the speaker antbtdeequire
access to any phonological representation of theut In contrast,
the study by Kartushina and Frauenfelder (2014)wsido no
relationship between L2 perception and productionenv each
ability was measured with tasks tapping onto d#iferphonological
processes. For L2 speech perception, an idenidicatask of
isolated vowels was used and, hence, low level sitephonetic
processing was assessed. L2 speech productionadnsieas
measured in two tasks, one involving acoustic-ptiorgrocessing
and the other lexical processing. In the acoudimnrgtic task,
participants repeated vowels spoken by a nativakgwe In the
lexical task, they named the vowel present in &upécthat required
the retrieval of the lexical representation primthe selection of the
phonemes. Hence, the phonological processes adckgdbe task

to measure L2 perception and production were glifterent.
The type of phonological processes compared isvaatebecause

previous studies have shown that accurate phorwalbgrocesses
of L2 isolated vowels do not necessary result ircueste
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recognition of the L2 phonemes within words (Didditterer,
Broersma, & Sebastian-Gallés, 2012; Sebastian-&aléBaus,
2005). The distinct mastery of phonological proessfound by
previous studies is in line with speech percepaod production
models, which propose a hierarchical structure lénplogical
processes (Dell, 1986; Fromkin, 1971; Hickok & Rusdp 2007,
Levelt et al., 1999; Levelt, 1989; Marslen-Wilson\&elsh, 1978;
McClelland & Elman, 1986; Norris, 1994). For instanin the case
of speech perception, many sub-lexical processesparformed
before accessing to the lexicon. The listeneralitihas to compute
different acoustic-phonetic (spectral and/or doratinformation)
and allophonic cues that are relevant to its omguage to identify
the isolated phonemes. The listener then can usegpéctic (i.e.,
rules about legal combination of phonemes withiflables and
words) and stress cues that are relevant to hisfhiarlanguage to
determine what groups of isolated phonemes arenglesiexical
unit (i.e., a word). Then, the output of all thisbdexical processes

leads to the selection of the words in the meetatbn.

The hierarchical structure of sub-lexical and lekiphonological
processes implies that for speech perception aecws@b-lexical
representations are needed for successful accesbetonental
lexicon and for speech production lexical selectismeeded to
select phonemes at the sub-lexical level. Hendéculties at one
level of the hierarchy may percolate to the othevels. This
prediction can easily be tested in L2 learners wathaw difficulties
to discriminate between L2 phonemes. The predictibat
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difficulties at the phonological processing levahders the ability
to build and access words in the mental lexicon stgsported by
experimental data showing that good performanceuib-lexical
tasks was a necessary requirement for early apd_aiearners to
achieve good performance in tasks measuring lexicatesses
(Diaz et al., 2012; Sebastian-Gallés & Baus, 2005).

Sebastian-Gallés and Baus (2005) tested 80 eamyiSp (L1)-

Catalan (L2) bilinguals’ difficulties to discrimitethe Catalan /e/-
/el contrast in three tasks involving different phlmgical processes
of the speech perception hierarchy. There is amindaidence
showing that native Spanish listeners have greficuliies in

discriminating between the Catalan /&/~owel contrast, even if
they started to learn Catalan at an early age.diifieulty would

stem from the fact that the mid-front Spanish volgéFalls roughly
in between the two mid-front Catalan vowels &/(Bosch, Costa,
& Sebastian-Gallés, 2000; Pallier, Bosch, & Sebas@allés,

1997; Sebastian-Gallés, Echeverria, & Bosch, 20B&hastian-
Gallés & Soto-Faraco, 1999). Sebastian-Gallés aadsB2005)
tested participants’ sub-lexical processing by measf an

identification task and an adaptation of the gatiiagk. The
categorization task involved the recognition olased vowels from
a seven-step synthesized continuum. The gatingresdsured the
identification of the Catalan /e#/ contrast in naturally uttered
minimal word pairs, which includes the difficulty co-articulation.

The third task tested phonological lexical procedse means of an
auditory lexical decision task. In this case, aateiracoustic-
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phonological processes were needed for accessingdids in the
mental lexicon. Bilinguals’ performance was complate native
Catalan listeners and showed a pattern that wagrgent with the
hierarchical structure of speech perception modpkaticipants
performing well in the lexical decision task alserformed well in
the sub-lexical tasks. However, only few bilingusigceeded in the
lexical decision task (18.3%) in contrast to highercentage in the
gating and categorization task (46.6% and 68.3%ec/ely)
revealing that, surprisingly, accurate perceptioh isolated
phonemes did not entail incorporating the accunal®nemic

information in the lexicon.

These results were subsequently replicated by &tiat (2012). In
three tasks, the authors tested 55 late Dutch Hobjlish (L2)
bilinguals’ difficulties to discriminate betweenettEnglish /eelel
contrast, which has been shown to be difficult Bartch natives
(Cutler, Weber, Smits, & Cooper, 2004; Weber & €uytl2004).
From the three tasks employed, two were the sanre @sbastian-
Gallés and Baus (2005): a categorization task dedieal decision
task (Broersma & Cutler, 2011), but with Englisimstli. The third
task was a word identification task also measuriegical
phonological processes. In the word identificatiask, words were
auditory presented at the end of a carrier sentembe words
belonged to minimal word pairs that differed onftythe English
/eel-£El contrast (such as “cattle” and “kettle”). At tkame time
than the auditory stimulus, pictures of both alatines of the
minimal word pair were presented and participaiais to select the
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picture corresponding to the auditory word. Agagesults were in
line with the hierarchical structure, participantso performed well
in the lexical task also performed well in the sekical task but
performing well in the sub-lexical task (43.63%)swet enough to
succeed in the lexical tasks (lexical decision :task72%, word
identification task: 9.09%). Hence, measuring phogical ability

at different levels of the hierarchy may be theseaior inconsistent
findings in the correlation strength between L2egeperception

and production skills.

Although most studies investigated the correlabetween speech
perception and production in L2 learners, the tesaite meant to
reveal the interaction between the two abilitiegardless of the
language familiarity of the participants. For imsta, Flege et al.
(1999) found a significant correlation between pgech perception
and L2 speech production but the correlation strengas lower
than for L2 speech perception and production. Reshthe little
variability in L1 abilities caused the low corretat strength.
Electrophysiological responses have shown to besrsensitive to
capture variability than behavioral measures fopkeiception skills
(Diaz, Baus, Escera, Costa, & Sebastian-Gallés3)28d may be
the appropriate tool to study the correlation betwé.1 speech
perception and production. Diaz et al. (2008) meskuthe
electrophysiological Mismatch Negativity (MMN) respse which
is elicited when a change between a frequentlyatepgesound and
an infrequent one is detected (Duncan et al., 20084tanen,
Paavilainen, Rinne, & Alho, 2007; Naatanen, Tergamj Sussman,
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Paavilainen, & Winkler, 2001). The MMN amplitude sh&deen
related to discrimination ability between two sosirahd has been
proposed to be a measure of discrimination seitgi{gdmenedo &
Escera, 2000).

Diaz et al. (2008) measured discrimination sernigitio phonemes
(detection of changes in native and unknown phosgnand
acoustic abilities (detection of changes in freqyemuration, and
pattern) and tested if these abilities relate to aflity. L2
perception skills were measured in early Spanidh)-(atalan (L2)
bilinguals using sub-lexical and lexical tasks iwuag the
discrimination of the Catalan /edtcontrast (a subset of participants
in Sebastian-Gallés and Baus, 2005). Two grouppasficipants
were selected to differ maximally in their L2 atyilin both sub-
lexical and lexical tasks. One group of “good” mavers performed
as well as Catalan natives in all L2 perceptiotkdasghile the other
group of “poor” perceivers performed below Catafetives in all
tasks. The authors found that “good” and “poor”ceérers showed
differences in the MMN between phoneme changesrdbess of
participants’ familiarity with the phonemes. Nofdilences between
the groups were found for acoustic abilities. Didditterer,
Broersma, Escera, & Sebastian-Gallés (in presrtexgh parallel
results with late Dutch (L1)-English (L2) bilingga{AocA=12 years
of age). The authors interpreted these findingg\adence for a
speech-specific origin of L2 perception skills. Thariability in
phoneme discrimination captured by the MMN makea iiseful
tool for testing if the perception and producti@hationship in the
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L2 is influences by individual variability in pergeng native and

unfamiliar phonemes.

Previous studies on the correlations between speea®eption and
production have been limited to the perception adfustic stimuli.

Yet, speech perception is a multisensory phenortteataentails the
processing of auditory as well as visual informat{MacDonald &

McGurk, 1978; Massaro, 1987; Schwartz et al., 20M¥ual

speech gestures are classified into visemes andvigeene can
correspond to several phonemes that are articulaibdthe same
(visible) articulation movement, such as the lipticatated

phonemes /p, b, m/ (MacDonald & McGurk, 1978). Viies have
been shown to interact with phonemes in speeclepgon, such as
in the McGurk effect (McGurk & MacDonald, 1976). tims effect,

for instance, visually presented /ka/ interfereshwnismatching
auditory presented /pa/ and most participants tejpohave heard
/da/.

Since visual speech conveys information about theudatory
gesture, it may strongly relate to speech prododildlls. Likewise,
according to motor and multimodal theories (Fowldi986;
Liberman & Mattingly, 1985; Massaro, 1987; Schwadt al.,
2012), speech perception relies on the articulatpegtures and
visual cues, leading to the prediction that vissyiaech perception
might relate to auditory speech perception. In |wéh this
prediction, fMRI studies have shown that listentbogspeech and
lip-reading visual speech (without any auditorynsiy activates the
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same auditory brain areas in the temporal lobevgaét al., 1997,
Campbell et al., 2001; MacSweeney et al., 2000@s€&hactivations
were found to be specific to speech movements ard wot found
for meaningless lip movements. In addition to augitareas,
Paulesu et al. (2003) found that lip-reading atéidaBroca’s area, a
relevant region for language comprehension. Thevamn of
Broca’s area to action observation and languagepoemension
lead some researchers to propose that it is theshwounterpart of
the mirror neurons in monkeys (Pulvermuller & Fadig010). This
proposal provided a neural mechanism to combineecipe
perception and production in the same neural eititine with the

motor accounts of speech perception.

Visual speech information is also used for speednning. At the
same time that infants start to learn the firstr@mes, around 4-8
months of age, they focus more on the mouth condpar¢he eyes
(Lewkowicz & Hansen-Tift, 2012; Pons, Bosch, & Lewkicz,
2015) and are able to match auditory speech wehvisual gesture
(Pons, Lewkowicz, Soto-Faraco, & Sebastian-GaRég9) as well
as to use the visual gesture alone to discrimihateeen different
languages (Weikum et al., 2007). In adult poputetjothe visual
gesture has been shown to be helpful to improveph@neme
discrimination. Navarra and Soto-Faraco (2007) sdtbwhat
Spanish dominant Spanish-Catalan bilinguals werde ato
differentiate between the Catalan /&/-tontrast when presented
with audio-visual information but not when presenteith just

auditory information. Hazan, Sennema, lba, and Kreaul (2005)
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showed that training Japanese-English bilingualaudio-visually
discriminate between the /v/-/b/-/p/ labial/labiatkd contrast led to
greater learning than training the contrast withlyoauditory
information. In this study, audio-visual perceptai@ining with a
less visually distinct gesture, the /I/-/r/ contrald not result in any
additional benefit for audio-visual training oveuditory only
training. However, the same audio-visual trainieg fto greater
benefits than auditory only training for the protioie of the /I/-/r/
contrast. These results show benefits of processsugl speech for
L2 speech perception and production and suggestettyaoiting
visual speech cues can improve auditory speechgngcamn and
production ability; thus, individual variability irvisual speech

recognition may relate to differences in L2 phondeagning.

In conclusion, speech perception and productionaisogropose a
hierarchical structure of sub-lexical and lexicahopological
processes. Studying L2 speech perception and poduat
different levels of the speech processing hieranmciay hinder the
observation of the existing relationships betweka two skills,
explaining the inconsistent correlations reportegrevious studies.
In addition, the relationship between speech pei@epand
production across the listeners’ languages andosgmaodalities

remains to be systematically studied.

1.3. The present work

As reviewed, the nature of the relationship betwespeech
perception and production is highly debated. M@tocounts state
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that speech is perceived through the articulat@stuige and claim
for a tight link between speech perception and gpecodn (Best,
1995; Best & Tyler, 2007; Fowler, 1986; LibermanMattingly,

1985; Pulvermiiller & Fadiga, 2010). For acousticcamts of
speech perception the acoustic signal is sufficfentperceiving
speech (Diehl et al., 2004; Flege, 1995; Hickok &eppel, 2007
Klatt, 1979; Kuhl & Iverson, 1995; Marslen-Wilson &Velsh,

1978; McClelland & Elman, 1986; Norris, 1994) bupesch
perception and production might interact in specitiontexts.
Acoustic models of language learning postulated gvaduction

may depend on the phoneme representation createdpégch
perception (Flege, 1995; Kuhl & Iverson, 1995). Theal-Stream
Model (Hickok & Poeppel, 2007) proposed that spgecduction
may help speech perception only to overcome incdiff listening

conditions (Hickok & Poeppel, 2007).

In this dissertation we investigate the nature led telationship
between speech perception and production by explothe three
different experimental approaches previously ree@w and
summarized in Figure 1.2. If speech production sseatial for
perception, as claimed by motor theories of spgeeheption, we
expect to find mutual influences between speecltgpdion and
production regardless of the difficulty of the éistng conditions.
Furthermore, the relation between speech perceptidmproduction
should correlate across the listeners’ languagssh(as native, L2
and non-native) and sensory modalities (audio asdal), which,
to the best of our knowledge, has not been styaliedously.
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Summary of the studies conducted within the
dissertation

Study 1

Does listening to speech activate
speech production (motor)
areas?

Study 2

Does constraining the

SpEECh production system influence SpEECh
Pe rceptiO n speech perception? PrOd uction
Study 3

Are speech perception and
production abilities correlated?

Figure 1.2: Overview of the studies conducted within the dissertation. Arrows

mark the directionality of the relationship betwespeech perception and
production investigated in each of the experimeritshe present dissertation:
Study 1 analyzes the influence of speech percepti@peech production, study 2
tests the influence of speech production on spemtheption, and study 3
investigates mutual influences. The research quesif each study is detailed
below the arrow. The brain areas within the boxes dpeech perception and
production are from Grabski et al. (2013) and shbe brain regions activated in
the left hemisphere when native French speakersepard themselves producing

French vowels and when they produced the same Rremwels.

In the first study (Chapter 2) we investigated ih8uence of
speech perception on speech production. Previadest showed
that listening to native speech can activate prodo@reas, such as
the primary and pre-motor cortex (Fadiga et alQZ2@Pulvermdiller
et al., 2006; Watkins et al., 2003; Wilson et 2004) However, it
remains unclear if these activations are depenalesensory-motor

experience with the phonemes (Swaminathan et@l3;2Wilson &
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lacoboni, 2006), and if they relate to individuaffetences in
perception and production skills. To test if listento native and
non-native speech activated the production aretisretly, we
measured corticobulbar excitability of the lip @hd tongue muscle
when participants listened to native and non-natregvels that
varied in their use of the lip and tongue durindicatation.
Furthermore, we tested if listening to non-natiwevels can result
in activations specific to the articulatory musclesed during their
production. To better understand when the cortittzdnexcitability
increased, we correlated the excitability with meas obtained
from behavioral speech perception and productiskstaDuring the
speech perception task, participants listened & sdime vowels
presented during the corticobulbar excitabilityamling and rated
the vowels regarding their nativeness and the amtyl between
pairs of vowels. For the production tasks, partiois produced the
same vowels presented in the corticobulbar exdialpart while
the lip activation was measured by means of elsotographic
activity (EMG) and tongue activations by means lué first and
second formant frequencies, related to tongue heigth backness,

in the audio signal.

In the second study (Chapter 3) we investigateitifieence of
speech production on speech perception. Previadest showed
that manipulating the production system influencegdeech
perception (D’Ausilio et al., 2009; Ito et al., ZD)OMottonen &
Watkins, 2009; Sato et al., 2011) but that theueriice could be
mediated by task difficulty and/or listening comaiits (Alho et al.,
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2012; D’Ausilio et al., 2012), as well as attentigri6ttonen et al.,
2013, 2014). We tested if manipulating the productsystem by
means of a somatosensory manipulation, a spoontbeetongue,
influenced passive speech perception of vowel®wiiff in tongue
height. We tested if attention is necessary forptoeluction system
to influence speech perception by recording antrelpbysiological

measure that is elicited in passive listening coowé — the

Mismatch Negativity (MMN). In addition, we investted if

perception difficulties related to the familiarityith the speech
sounds modulated the somatosensory influences aeeckp

perception by comparing native and non-native vewel

In the third study (Chapter 4) we investigated teéationship
between speech perception and production acrossofdgical
processes (sub-lexical and lexical), listenersgleages (L1, L2,
and non-native), and sensory modalities (auditong aisual).
Previous studies are inconclusive in whether aiogiship between
L2 perception and production abilities exists (Elegf al., 1999;
Kartushina & Frauenfelder, 2014; Levy & Law, 20Reperkamp
& Bouchon, 2011; Rallo Fabra & Romero, 2012). Weaswed
speech perception and production abilities in eanhd highly
proficient Spanish (L1)-Catalan (L2) bilinguals & variety of
speech perception and production tasks. We assk&sadb-lexical
and lexical speech perception processes by ademimgtthe same
tasks as Sebastian-Gallés and Baus (2005). We rabssured
native and non-native phoneme discrimination by meeaf the

MMN (Diaz et al., 2008, in press) and visual spepaitessing in

33



the native language by means of a cross-modal gireali task
developed by Sanchez-Garcia et al. (2011, 2013).cfbss-modal
prediction task measured benefits of using vispaksh to predict
the forthcoming auditory signal. We adapted thek tés ERP

recordings to have complementary information to avedral

measures. To measure speech production, we usé@ @icture

naming task (Sebastian-Gallés & Baus, 2005) ttitired accurate
phonological and lexical knowledge. Finally, to éstigate the
speech-specificity of the relation between speeeftgption and
production, we assessed non-linguistic auditorgraignation and
motor skills by means of the MMN elicited by thedimination of
tones and a finger drawing task. We ran factor yemal to

investigate how the different measures relate tch eather and
whether they influence the relation between L2 spggerception

and production.
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2.1. Abstract

Listening to native speech has been shown to aetivaotor
regions, as measured by corticobulbar excitability. this
experiment we explored if the motor regions alsoruié during
listening to non-native speech, for which we lackhbsensory and
motor experience. By administering Transcranial M
Stimulation (TMS) over the left motor cortex we oeded

corticobulbar excitability of the lip and tongue sele when Italian
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participants listened to native-like (/a/,/i/,/Jugnd non-native
German (/y/) vowels. Results showed highest lipticobulbar
excitability for the non-native and lip articulateewel /y/. Lip
corticobulbar excitability was further correlatedittw measures
obtained in perception and production tasks shovangegative
correlation with nativeness ratings and a positeerelation with
the uncertainty of lip movement during productidntioe vowels
(standard deviation of lip EMG). These results asgjgan active
and compensatory role of the motor system duristening to
perceptually/articulatory unfamiliar phonemes.

2.2. Introduction

Listening to speech activates temporo-parietaloregi as well as
the motor system. Activations of the motor regioingjuding the
representation of articulatory muscles of the primaotor cortex,
has been tested via corticobulbar excitability niations

(D’Ausilio, Jarmolowska, Busan, Bufalari, & Craighe 2011,
Fadiga et al., 2002; Murakami et al., 2011; Rog&i$ttonen,
Boyles, & Watkins, 2014; Roy, Craighero, Fabbri-Des &

Fadiga, 2008; Sato, Buccino, Gentilucci, & Cattgn&®10;

Sundara et al.,, 2001; Watkins et al., 2003). Funtioee, the
application of (repetitive) Transcranial Magnetictingulation

(rTMS) to the premotor (Grabski, Tremblay, GradGaijn, & Sato,
2013; Meister, Wilson, Deblieck, Wu, & lacoboni, @) Sato,
Tremblay, & Gracco, 2009) or the primary motor ear{Bartoli et
al., 2015; D’Ausilio, Bufalari, Salmas, Busan, & diga, 2011;
D’Ausilio et al., 2009, 2012; M6ttonen et al., 202814; Mottonen
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& Watkins, 2009; Rogers et al.,, 2014) showed the totor
system may exert a causal modulatory role in botle t
discrimination and identification of speech sountsese results are
usually interpreted in line with theories for whigmowledge of
articulatory gestures may be re-used during spegehtification
and discrimination tasks (Liberman et al., 1967|veuntller &
Fadiga, 2010).

While the studies described so far show motor mees during the
analysis of native speech, less is known about native
phonemes, which are biomechanically possible avafigurations
for which we lack both sensory and motor experience
Neuroimaging studies show that, besides temporiefphregions,
part of the motor system (premotor cortex) is ataed during both
listening and production of native phonemes (Wilsbral., 2004)
and listening to non-native phonemes (Wilson & tama, 2006).
These latter results extend this evidence to Africkcks, that are
judged as non-speech sounds in other languages e(Agn
McGettigan, & Scott, 2011). Regarding the primaryton cortex, a
TMS study by Swaminathan et al. (2013) measureds lip
corticobulbar excitability while native and secdadguage learners
of English were viewing known speech (English), nmkn speech
(Hebrew), non-speech movements (gurns) or a dSiatie. Results
showed that, in both native and second languagedes the motor
cortex is engaged more strongly when viewing fagesducing

known speech.
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However, visual speech differs from auditory sperckhat it has
less discriminative value. For example, /d/, 4/, @nd /k/ sounds
map into very similar visual gestures or visemesfalkt, auditory
identification of the /d/ sound will not be affedtéy the parallel
presentation of /t/, /g/, /k/ visemes (MacDonaldv&Gurk, 1978).
Furthermore, the reduced informational value ofemiss also
interacts with language proficiency. In this regatidcriminating if
two sentences are spoken in the same languagetaoidifferent
languages can easily be performed in the auditagiatity. In the
visual modality such task can only be performedtifeast one of
the languages is either native (Soto-Faraco e@Dy) or a high
proficiency has been achieved with it (Swaminatearal., 2013;
Weikum et al.,, 2013). Therefore, measuring motadivaies in
native versus non-native speech, by using visuaédp material,
may be a suboptimal choice. In fact, language éspee as well as
the specific choice of visemes may render the ulisoation
impossible for the non-native speaker. In this senmswould be
difficult to understand if corticobulbar modulateare driven by a
general preference for native speech or it is dwueat better
discriminability of native speech when presentedthe visual
modality (Soto-Faraco et al., 2007; Swaminathanalet 2013;
Weikum et al., 2013).

In this experiment we investigated if the motortegs activities
during auditory speech listening depend on sensxamexperience
with the phonemes. We tested this hypothesis bysurew lip and
tongue corticobulbar excitability during passiveténing to native
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and non-native vowels. Stimuli consisted in Germawels (/a/, /i/
and /u/) having a native counterpart in the languad the
participants (Italian). The non-native vowel (/lyhas some
articulatory similarities to native vowels (similtr /i/ for the front-
high tongue position and to /u/ for lip roundindpyt it is not
familiar with our subjects’ repertoire. Furthermoree tested for
correlation between corticobulbar excitability asubjective ratings
regarding vowels nativeness (for each vowel) anchilaiity
(between each pair of vowels), as well as partidipavowel
production characteristics. These measures inclugednuscle
electromyographic activity (EMG) and the acousignal related to
tongue height (first formant frequency, F1) andgwos backness

(second formant frequency, F2).

The exploration of motor activities by measuringticobulbar
excitability let us formulate different hypothesesthis regard. In
fact, corticobulbar excitability could scale forethamount of
sensorimotor experience (hypothesis 1). In thiecéistening to
over-trained (native) speech sound should elicibrgfer motor
responses, in agreement with the previous reponisual speech
perception (Swaminathan et al., 2013). Otherwiseticobulbar
excitability could instead be larger while listegino untrained
speech sounds. The lack of an acoustic-motor nfodelon-native
speech sounds (hypothesis 2) might instead proradtitional

motor compensatory activities.
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2.3. Methods
2.3.1. Participants

17 native ltalian speakers (9 female, mean age923.81 years)
took part in this study after giving informed conseaccording to
the Declaration of Helsinki and to the recommerutetiof the local
Ethical Committee ASL-3 (“Azienda Sanitaria Localelocal

Health Unit, Genoa, Italy) authorizing the protochll participants
had normal hearing, were right-handed (Oldfield7)%and did not
report any neurological/psychiatric disease. Thegrew Italian

university students, had no professional trainingohonetics and
were not proficient in any language whose phonalalgiepertoire
includes the non-native vowels used in the experimsuch as
French and German (as accessed by a languageoqueste). One
participant was excluded in the lip recording ane @ the tongue
recording due to technical issues. One furtheri@pant was
excluded in the similarity ratings task due to thisunderstanding
of the task. Two further participants were remofredh all tasks in
relation to outlier behavior in one of the tasks.(ithe participants
rated the foreign German vowel /y/ higher in nategs with

respect to the German vowel /u/, that is presentha Italian

phonological repertoire). The final sample includedparticipants
for the lip and tongue recordings, 14 for the datrens with the

nativeness ratings, 13 for the correlations with ghmilarity ratings,
and 14 for the correlations with the speech pradoaata.
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Figure 2.1: Stimuli. Vowel space (left) and lip EMG (right)tb& stimuli.

2.3.2. Stimuli

The seven German vowels: /al/, /el, i/, /ol, lav{hg a counterpart
in ltalian) and /6/ and /y/ (unknown to Italiansgme recorded by a
male native German speaker using a microphone amfhce
electrodes placed on the lower and upper right sidéhe lip to
record the electromyography (EMG) of tbebicularis oris (OO)
muscle. Each vowel was recorded twelve times arel libst
exemplar for each vowel, matching in pitch (127 ldajl intensity
(75 dB), was selected. To equal the length for dta@uli, three-
hundred ms were selected from the steady middiegbane vowel
and 25 ms cosines onset and offset were appliedg uBraat
software (Boersma & Weenink, 2010). Values for fhvet and
second formant frequencies and the mean lip EMGdimass
filtered between 20-250 Hz and low pass filteredhwa cut-off
frequency of 3 Hz) for the selected stimuli /al,/li/ and /y/ are
shown in Figure 2.1 (F3 values: /a/: 2371.28, 2205.41, /ul:
2081.75 and /y/: 1999.02). The mid-vowels /e/, dof /6/ were
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removed from the final analysis because the vovegland /o/ that
were expected to have a counterpart in Italian, rditd show the
expected nativeness ratings (see procedure spexchppion task

for the results).

2.3.3. General procedure and statistical analysis

Participants were first asked to fill-in a languageestionnaire to
test their degree of exposure to the non-nativeel®\by asking for
knowledge in foreign languages and dialects). Theeemental
session consisted of three parts: a TMS experimenspeech
perception task and a speech production task. TM8 Ppart was
always run as first, while the order of the behealiperception and
production parts was counterbalanced across pamtits. All

experiments were programmed using Psychtoolbox tifum
(Brainard, 1997; Pelli, 1997), running on MATLAB (The

MathWorks Inc., Natick, MA). For the analysis, dlta were pre-
processed using MATLAB (The MathWorks Inc., Natick, MA).
Statistical analyses (ANOVAs, t-tests and correlasd) were
performed by means of R statistical software (ReCbeam, 2013).

All t-tests were corrected using the Bonferronireotion.

2.3.3.1. Speech perception tasks

The perception tasks consisted of a nativeness aasthilarity
rating task.

In the nativeness rating task, each vowel (/a//ilelo/, Iul, 16/, Iyl)

was rated three times (total: 21 trials) in a randwder on a visual
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analog scale ranging from “poco” (meaning “lessi)tbe left side
of the screen to “tanto” (meaning “more”) on thghti side of the
screen. Answers were given by clicking with the s®wn any
location along the continuum. For the analysis, tiaiveness
ratings were averaged for each vowel for each @patnt. An

ANOVA showed a main effect for the within-subjecactfor

“vowel” (F(6,84)=36.610, p<0.001). Follow-up t-testhowed that,
as expected, the vowels /d6/ (21.667+3.670%) and

(14.000+1.966%) were rated significantly less retoompared to
all other vowels (/a/: 92.578+1.777%, lel. 62.08424%, /i/:

87.156+2.336%, /o/: 59.200+4.712%, /ul: 75.044+@%3 all

p<0.01). Unexpectedly, the mid-vowels /e/ and /efavalso rated
less native compared to the most native rated vdafel/e/-/a/:
t(14)=4.243, p=0.017, /o/-/al: t(14)=4.568, p=0.)08uggesting
that the mid-vowels were poor exemplars of theditamid-vowels.
To keep the most extreme native and non-native imved mid

vowels were excluded (/e/, /o/ and /6/), leaving tlee following

analyses the vowels: /a/, /i/, /ul and /y/.

The similarity rating task was identical to theimahess-rating task,
only that pairs of vowels were played (with an m& of 3.5
seconds) and rated. From the total of 42 trialscéveach pair with
the order of the vowels counterbalanced), simitaoitthe selected
non-native vowel /y/ to the selected native voweks. /y-a/, /y-i/,
ly-ul) was computed and averaged for each partitigen ANOVA
with the within-subject factor “vowel similarity”h®wed a main
effect (F(2,26)=10.870, p<0.001). Follow-up t-teskowed only a
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significant difference between the similarity /y{@/1.25+5.682%)
and /y-u/ (61.500+5.278% t(13)=-4.117, p=0.004) bot for /y-i/
(43.143+5.513%) with any other similarity (all p86).

2.3.3.2. Speech production task

Audio and EMG activity from the OO muscle were nelaa from
each participant during the production task. Pigditts produced
each vowel after seeing the German grapheme (<& <f, <o>,
<u>, <6>, <y corresponding to the vowel (/a/, /el, lil, loHl, 16/, Iyl)
on the screen. We recorded 8 repetitions of eagreland the last
five were subsequently used for the analysis. Btevito the
production trials, participants were familiarizedtiwthe writing of
the German graphemes. They were presented thres tith each
German grapheme followed by the playback of eacheld<6>

and <u> are not used in standard Italian).

For the analysis, 300 ms were selected from th&algpart of the
recorded audio and EMG. In the audio data, first second format
frequencies (F1 and F2) were obtained using PfBaeréma &
Weenink, 2010). The EMG data was band-pass filtbetadieen 20-
250 Hz and then low pass filtered with a cut-offiguency of 3 Hz.
EMG for each trial was rectified and integratedianfing in this
way a measure of the area under the curve, whichsteadardized
for each participant using z-scores. Average (meand) standard
deviations (SD) were calculated for each vowel @adticipant.
ANOVAs including the within-subjects factor seletteowel (/a/,
lil, lul, Iyl) were performed for each measuretha means and SD.
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This was firstly done in order to confirm that f®duction was as
expected for native vowels and secondly to gainrmation about
the accuracy and variability due to the productbthe non-native

vowel.

Regarding the mean values, F1 and F2 productioigur@ 2.2)

show the expected vowel space, similar to the vewatorded by
the native speaker for the stimuli (Figure 2.1). (Edngue height)
mean values were all different, expect for [/i/ arg/

(F(3,42)=271.400, p<0.001, t-tests all p<0.01, pxa@-/y/). F2

(tongue backness) mean values were all differexcep /a/ and /y/
(F(3,42)=90.300, p<0.001, t-tests all p<0.01, excégq/-/y/),

indicating that /y/ was “central”, lying in betwed&hand /u/, while
for the native speaker /y/ was closer to /i/ thaih(¢ee Figure 2.1).
Mean lip EMG (Figure 2.3) showed the expected diifiee

between rounded (/u/, /y/) and unrounded (/a/, Vowels

(F(3,39)=43.670, p<0.001, t-tests all p<0.01, exdep/i/ and /u/-
Iyl), similar to lip EMG for the native speaker ftihe stimuli

(Figure 2.1).

The SD for F1 and F2 (Figure 2.2) showed no diffeeefor F1
(F(3,42)=2.051, p=0.121) but for F2 (F(3,42)=15,4680.001), with
significant differences for /y/ with all other voise(all p<0.05),
indicating higher variability for the non-native wel for F2. The
ANOVA for the SD of the lip EMG (Figure 2.3) showsinificant
differences for /a/ with the lip articulated natiit¢ and non-native
Iyl (F(3,39)=5.798, p=0.002, t-tests /a/-/u/ and/yh p<0.01),
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thereby showing the highest variability for both the native and non-

native rounded vowels (/u/, /yl).
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Figure 2.2: Production task. Left: vowel space representing the mean value for
F1 and F2 for each participant and vowel. Right: SD F1 and F2 for each
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2.3.3.3. TMS experiment

Two surface EMG electrodes were placed on partidgdaupper
and lower side of the right lipofbicularis oris OO) and two
additional EMG electrodes were glued (Hystoacryl, Braun
Surgical SA) on the tip and middle part of the tigide of the
tongue muscle (dorsal surface). MEPs were recdogladeans of a
wireless EMG system (Aurion, ZeroWire EMG; 2KHz gdimg).
TMS was delivered through a figure-eight coil (7Onjnand a
Magstim 200 monophasic stimulator (Magstim Co., ¥féhid, UK).

The TMS experiment was divided into training phasertical

mapping and experimental part. During the trainipbase,
participants learned how to maintain a 1.5-2 sesosdstained
contraction of both lips and tongue, correspondm@0% of the
maximal EMG activity. A yellow dot appeared on thereen to
signal the beginning of the contraction, followedndom interval
of 1-1.5 seconds) by a beep. The disappearandeeoydllow dot
(200 ms after the beep) signaled the end of tta. trLips were
contracted by rounding and protruding them. Thegten was
contracted by pressing it against the upper frafatp. Participants
could see the EMG activity of the two muscles oa slsreen and
received feedback from the experimenter if necgsséthen a
satisfactory contraction was achieved, the cortioapping part
started. The hot spot was identified during conioac of both

muscles. Scalp position, coil orientation and istgnof stimulation

were optimized to obtain the lowest possible intgn® elicit a

reliable and repeatable MEP on both muscles. Titerion was to

a7



produce a MEP of at least 200 microvolts in bothsaes on 5
consecutive trials. Once the criterion was metationn was marked
on the scalp and the coil position was fixed byexihanical support

and was continuously monitored by the experimenter.

At the beginning of each experimental trial a yelldot appeared
on the screen to signal the contraction of theahid tongue muscle.
After a random interval of 1-1.5 seconds one of sheen vowels
was played. The TMS pulse was triggered at 150 ftes stimulus
onset. The delay between trials ranged betweerb 5Bconds,
giving a total time of 7 seconds for each trialeTgresentation of
auditory stimuli was pseudo-randomized so thatpifesentation of
the same vowel was equally spread throughout tperarent and
could never appear twice in a row. Each vowel tyaes repeated
14 times, 10 times with TMS and 4 times without TM®1S and
no-TMS trials were randomized. The whole experintamtsisted in
98 trials and it was divided in 2 blocks of 49 Igiseach. An
additional task was added in order to keep paditip engaged
throughout the experiment. After the end of 12 mandrials we
asked participants if a certain native vowel, mthbn the screen,
was the same as the one they just listened to l{adk-task).
Responses were given by pressing one of two buttmmsa
keyboard, with their right hand. The task was dgugtread during

the experiment and it was never presented twigerow.

In the analysis of MEP size, we computed the anedeu the
rectified curve for each trial and for each mussdparately. For
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each participant, single trials were removed if &P area
exceeded 2 standard deviations from the average &&d°or if the
muscle contraction was above 2 standard deviafimms average
muscle contraction in a time window just prior tetTMS pulse
delivery (-100 to 0 ms). The MEPs were then stasidad for each
participant using z-scores and the trials corredpanto the same
vowel were averaged together. The ANOVA was rurassply for
the lip and tongue MEPs testing for differences MiEP size
accounted by the within-subject factor “vowel” @ekd vowels:
lal, lil, lul, lyl). Significant effects (main effeof “vowel” with

p<0.05) were further analyzed with t-tests.

In case of significant main effects, Pearson cati@hs between the
MEPs (for each vowel and participant) and the otinEasures
extracted from perception and production tasks vesneied out.

Only for the similarity ratings, MEPs were standaed with

respect to the non-native vowel /y/ to have comglareneasures for
both tasks. For the production data, we plannetbtopare lip and
tongue MEPs with the production data correspondiinthe same
muscle. Lip MEPs were correlated with the mean &bdof lips

EMG and audio F2 (related to lip rounding). TonddEPs were
correlated with the mean and SD of audio F1 (rdldte tongue

height) and F2 (also related to tongue backness).
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2.4. Results
2.4.1. Corticobulbar excitability

The ANOVA for the tongue MEPs showed no significaméin

effect of “vowel” (F(3,39)=1.557, p=0.215). The AN@ for the

lip MEPs showed a significant main effect of “voivel
(F(3,39)=4.074, p=0.0131). Follow-up Bonferroni reated t-tests
revealed a difference in MEP size between the veuesl and /y/
(t(13)=-3.348, p=0.031, see Figure 2.4). To furtlesplore the
significant differences for the lip MEPs relatedtb® listening of
the different vowels, correlations measures wertopaed between
the lip MEPs and the scores obtained in the diffeperception and

production tasks.

MEP area

+

| Lip T
B Tongus | -

3 IT

oo

a I "] ¥

W

Figure 2.4: TMS results. MEP area +/- SEM for the lip (darkjdatongue (light)
muscle for the German vowels /a/, /i/, /ul (havingounterpart in Italian) and
Iyl (non-native).
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2.4.2. Correlation between corticobulbar excitabily
and the behavioral tasks

The correlation between the lip MEPs with the pptiom data
revealed a significant negative correlation witre thativeness
ratings (r=-0.373, t(54)=-2.950, p=0.005, see Fagar5). Thus,
higher MEPs size was associated to lower nativeragisgys. On the
contrary, no correlation could be found betweenMigPs and the
similarity ratings (r=0.1001, t(37)=0.6156, p=0.%42

A positive correlation was present between theMipPs and the
SD of lip EMG only (r=0.420, t(54)=3.40, p=0.00&gesFigure 2.5),
whereas other production-related measures (mean, B¥0G-2 and
mean F2) did not yield to significant correlati@sults (all p>0.05).

Correlation lip MEP area correlalionII‘p MEP area
and nativeness ratings and D lip ENG
| 1
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F- £} - g -
- ¥ o | Y e
u = i s = " &
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Figure 2.5: Correlations for the lip MEP area with left: nagimess rating
(r=-0.373) and right: SD of the lip EMG (r=0.420).
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2.5. Discussion

In this study we investigated if activations of theotor system
during speech listening depend on sensorimotorrexpee with the
phonemes. In line with hypothesis 2, which stateat the lack of
acoustic-motor model for the non-native speech dsunight lead
to motor compensatory activities, the strongestfdiplitation was
found for the non-native vowel /y/ compared to tia¢give vowel /a/.
The other native vowels /i/ and /u/ were in betwtdennative vowel
/al and the non-native vowel /y/, probably becairsepntrast to /a/,
the native vowels /i/ and /u/ are produced by ligvements (/i/ lips
pulled back and /u/ lip rounding), leading to somedulation of
corticobulbar excitability that is smaller than ¥, which is both

non-native and is articulated with a lip movement.

Further support for hypothesis 2 came from conahat of the lip
MEPs with both the speech perception and productiata. A
negative correlation between the nativeness ratengs the lip
MEPs were found, showing that lip corticobulbar itadmlity

increases when the perceived nativeness decredddisionally, a
positive correlation between the lip MEPs and thandard
deviation of the lip EMG was found, showing that ¢iorticobulbar
excitability increases when the production of tlosvels was more
variable and thus participants were more insechozitahow much
movement of the lip was expected to produce theelowaken
together, these results suggest that corticobudRaitability of the

lip is highest for perceptually and articulatoryfamiliar vowels, in
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line with the idea that the motor cortex might cemgate for not

having an acoustic-motor model for the non-natpeesh sounds.

This interpretation is in line with a previous newunaging study
reporting higher activations in the motor systenrirdy passive
listening to non-native phonemes compared to natnes (Wilson
& lacoboni, 2006). Additionally, the motor systerashbeen shown
to increase its activation during the identificatiof a difficult

second language contrast (/I/-/r/ for Japanesepmparison to both
an easy second language contrast (/b/-/g/ for &searCallan et al.,
2003) and the same contrast (/I/-/r/) in nativeakees (English) for
which the contrast is easier to identify (Callaones, Callan, &
Akahane-Yamada, 2004). Based on these resultsarCat al.

(2003, 2004) proposed that second language leadwersot only

reorganize auditory brain regions when learningesv rdifficult

second language contrast, but that they additiprexligage more
strongly brain networks connecting articulatory-éary and

articulatory-orosensory brain regions. In paraitestudies showing
motor compensatory activations during the percepaionon-native
phonemes, lip MEPs were also found to increase waising the
difficulty level in native speech perception (Muaaki et al., 2011).
This suggests that motor compensatory activitiesbeafound when
the audio signal alone could not be sufficientdentify a perceived
phoneme in a variety of different tasks, includohfficult native,

second language and non-native contrasts.
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The present results are however at odds with antesteidy by
Swaminathan et al. (2013) showing the opposite epattof
corticobulbar excitability for visual speech. Incfathe authors
found higher corticobulbar activity of the lip miesdor viewing a
known language compared to viewing an unfamiliaglaage. This
is likely due to the very different stimuli. Visuabntinuous speech
as used in Swaminathan et al. (2013) is very diffito understand
without training, even in the native language (B#em, Demorest,
& Tucker, 2000; Ronquest, Levi, & Pisoni, 2010; &6araco et al.,
2007). Gaining information about articulatory infaation from
visual continuous speech in a non-native languamgghtnthus just
have been impossible. In contrast, auditory-preskaingle vowels
are easily identified in the native language, anghtritherefore also
be more informative for non-native vowels. Indeedyr study
showed that participants were able to gain artiowa related
information from the speech signal not only by esged lip
corticobulbar excitability during the perceptiorska but also by
imitating the non-native vowel relatively well imd production

task, placing it close to the values of native kpea

In this study we simultaneously measured cortico@uéxcitability
of the lip and tongue muscle but we only founded#hces for the
lip muscle. Previous studies (Fadiga et al., 2002tkins et al.,
2003) using native speech listening, found MEP eobéments for
both muscles (though in separate experiments) wdiewing

speech, listening to speech and listening to phesearticulated
with the muscle that was recorded. The lack of tengodulation
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in our study might be related to the lip movemerting more
salient for the non-native vowel /y/. Previous eesh has shown
that although front rounded vowels, such as /6/ gnhdare more
similar in the acoustic space and tongue positoifirant vowels
such as /e/ and /il respectively, American Englisiteners (a
language that, as Italian, does not possess foamded vowels)
assimilated them to back rounded vowels, /o/ anhdédspectively
(Strange, Levy, & Law, 2009). In fact, they had mdlifficulty in
discriminating front rounded vowels from back on@sg /y-u/
compared to /y-i/) even when a high proficiencytire foreign
language was acquired (Levy, 2009). Interestinigisger lip MEPs
to the non-native vowel /y/ shows that participamesre able to
extract information about the gesture of the notivegphoneme — a
lip movement — probably by assimilating the nonveatowel to
the articulatory similar native vowel /u/ that algses lip rounding
and thus actively trying to find a match for theqaeved phoneme.
In support of this possibility, the subjective damity ratings
between the vowel /y/ and the other native vowdiswed a
decrease in ratings from /u/ (61.500 + 5.513%)itq43.143 *
5.278%) to /a/ (21.250 + 5.682%).

Although newborns are able to perceive most phoneomdrasts
from any language at birth (Werker & Tees, 1984js ttapacity
rapidly declines at the end of first year of lies infants start to
focus on the phonemes of their native language Kéfe& Tees,
1984). The ability to successfully acquire latetife the sounds of
a new language largely depends on the relativectsirl of the
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phonological system of our native language and fieign
language (Best & Tyler, 2007; Best, 1995; Flege95192003).
Phonemes that fall within the same phonologicaégaty in the
native language but in different ones in the fandenguage — such
as the /l/-/Ir/ contrast for Japanese learners @fli&m or /e/-¢/ for
Spanish learners of Catalan — are extremely hardadguire
(Miyawaki et al., 1975; Pallier et al., 1997), dwethe assimilation
of the new sounds to the native ones. Our studyshbat even
when confronted to an unknown and untrained phonetne
corticobulbar excitability of the lip muscle — a sale used during
the articulation of the non-native phoneme — insesa This is
probably due to an assimilation mechanism whichpemsates for
the lack of an acoustic-motor model for the nonweatspeech
sounds. These results suggest that the motor systy® an active
role in speech perception, even when confrontedh wigw and
untrained phonemes and this role might be relegaah during the

first contact with a new, foreign language.
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5. DISCUSSION

The main goal of this dissertation was to inveséghe nature of
the relationship between native and non-native dpgxerception
and production. To this aim, we conducted threeegrpents
following different research approaches and metluges. In the
first study we investigated the influence of speeehnception on
production. Based on previous studies showing lisééning to
native speech activates production areas, in teediudy we tested
if listening to non-native speech results in simdativations of the
production system. To this aim we recorded cortitiodr
excitability while participants listened to natiand non-native
phonemes and related the excitability to individdata obtained
through speech perception and production taskbielisecond study
we investigated the influence of speech productinnperception.
We examined if constraining the production systgimmeans of a
somatosensory manipulation, a spoon over the tgnigflaenced
speech perception in passive listening and whdtherinfluence
was dependent on the listeners’ familiarity witke fphonemes. In
the third study we analyzed the correlation betwespeech
perception and production abilities. We measuressip perception
and production abilities in early Spanish (L1)-Cata (L2)
bilinguals. Speech perception was assessed foriatywaf tasks
covering different phonological processes (subelaixand lexical),
listeners’ languages (L1, L2 and non-native), anehssry
modalities (auditory and visual).
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The three research studies presented in this thtser aimed at
contributing to the ongoing debate about the natafethe
relationship between speech perception and pramuciiVhether
speech perception and production share the inteadacllatory
gestures as the basic processing unit and arelcloslated, as
proposed by motor views, or rather if speech peigepis an
auditory process that does not need the produslstem, at least
in normal listening circumstances. In the followinge first
summarized the results of each study and thenerkldte overall
results to the current literature. To conclude, owglined open

questions and suggested future lines of research.

5.1. Summary and discussion of the results

5.1.1. Increased lip corticobulbar excitability duing
the perception of non-native phonemes

In the first study (Chapter 2) we tested if the onoactivations
found while listening to native speech are depenhdaen former
sensory-motor experience with the phonemes. To &g we
recorded corticobulbar excitability of the lip anohgue muscle
while Italian participants listened to German vosvidat either had
a counterpart in the native language of the paditis, in particular
the vowels /a/, /il and /u/, or were non-nativerte participants, the
vowel /y/. Additionally, we correlated corticobutb&xcitability
with measures obtained in behavioral speech peorepand
production tasks. For speech perception, we redordgiveness
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ratings of the vowels and similarity ratings betweairs of vowels.
For speech production, we recorded the lip EMG thredacoustic
signal that gives a measure of tongue height (Fij #ngue
backness (F2). Two speech production measures eedcalated:
the mean value, related to the accuracy of theymtazh, and the
standard deviation, related to the uncertainty led tise of the

muscle during articulation.

Results showed that lip corticobulbar excitabilibgreased for a
combination of lip use during articulation and nwativeness.
Highest excitability was found for the non-nativedalip rounded
vowel /y/, intermediate excitability was found file native vowels
/il and /u/ that use a lip movement during artitiola (lips pulled
backwards or rounded respectively), and the lowesitability was
found for the native vowel /a/ that does not rectiie lips during
articulation, with significant differences betwete extremes (/y/-
/al). Correlations further showed that lip cortiatiar excitability
was negatively correlated with the nativeness gatiend positively
with the uncertainty of the lip movement during i@ration

(measured by the standard deviation of the lip EMGp

differences in corticobulbar excitability were falfor the tongue.
We suggested that this is due to the more saliprounding for

the vowel /y/, which has been shown in previouslist of English
learners to be assimilated more often to nativedimded vowels
than to native vowels with a similar tongue heifBtrange et al.,
2009). The results showed that lip corticobulbarcitability

increases for perceptually and articulatory unfamivowels. We
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interpreted the enhanced excitability of the motgstem as a
compensatory mechanism that supports speech pemcept

absence of previous sensory-motor experience wilvowels.

Our results are in line with previous neuroimagstgdies reporting
higher motor activations when listening to non-veatispeech
(Wilson & lacoboni, 2006), a difficult L2 contrag¢Callan et al.,
2003), and degraded native speech (Murakami et 24111).

Together, these studies suggest that the motoexcast actively
participating in speech perception by trying to niily the

articulatory gestures of the perceived phonemes; @hen they are
unfamiliar. We interpret the results as evidencat tispeech
perception recruits motor cortices to compensateh®e lack of an
accurate auditory-motor model of the non-native rgmees. Our
study adds to the literature by showing that thesepensatory
mechanisms can already be found at initial encosintéth a new
language and are related to the non-nativenedseofdwels, both
perceptually and articulatory. The results supploet proposal that
speech production is involved in perception. Howgae argued in
the general introduction, influences of speech pctidn on

perception, such as the here presented, are ndtienf to

determine whether speech production is essentipketoeption, as
claimed by the motor view of speech perception (Eowl986;

Liberman & Mattingly, 1985; Pulvermuller & Fadig2010), or it is

a compensatory mechanism to overcome difficultrepearception,
as postulated by the Dual-Stream model (Hickok &ppel, 2007)
within the acoustic view of speech perception.
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5.1.2. Attention modulates somatosensory influences
passive speech listening

In the second study (Chapter 3) we aimed to ingatdi the
specificity of production influences in speech pg@toon. We tested
if constraining the production system by means sbmatosensory
manipulation on an articulator, a spoon over thete, modulated
speech perception in passive listening conditibgsneasuring the
electrophysiological response MMN. We tested it timfluence is
articulatory-dependent by measuring the MMN for etswarying
in tongue height and whether the influences depknole the
familiarity with the vowels, by recording the MMNoif native
vowels and non-native vowels. The standard stimutapeated
frequently, was the native vowel /e/ articulatedhwa front mid
tongue height. The deviants, presented infrequentéye grouped
based on the combination of nativeness and tongigith resulting
in four deviant groups: native-high (/i/ and /ufprit and back
respectively), native-low and mid (/a/ and /o/, tcehand back),
non-native-high (the Finnish vowel /y/, mid-higland non-native-
mid (the Finnish vowel /6/, central). The same ipgrants heard all
the vowels with and without the spoon over the ten(a spoon and
a no-spoon block) with the order of the blocks d¢etmlanced

across participants.

Unexpectedly, results showed no effect of the spoativeness, or
any interaction between the variables. Instead, diger of the
spoon conditions influenced the MMN amplitude: &tar the

experiment with the spoon over the tongue resuttddgher MMN
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values as compared to starting with the no-spoarckbl We

proposed that the block order effect might be caugean increase
of participants’ attention or alertness becausth®fmotor constrain
(having a spoon in the mouth) that lasted throughthe

experiment, even when participants no longer hieédspoon over
the tongue. This hypothesis was tested in a seeapdriment in
which participants started the experiment with anatmsensory
manipulation but applied to a non-articulator, a@spin the hand,
while listening to the same speech stimuli than the first

experiment. Results showed an increased MMN angditéor

participants starting with the spoon in the handt tivas not
different from starting with the spoon over thegoa. Both MMN

amplitudes for starting with the spoon were highempared to
starting with the no-spoon block. The results sstgpk that the
MMN was influenced by the alerteness or attention tioe

participants when an irrelevant task for speeckquion, holding a
spoon over the hand or the tongue, is performedeabeginning of
the study.

The current results did not show any influences tbe
somatosensory manipulation, the spoon over theumng passive
listening condition. Yet, they add important metblogjical
information about the factors that influence the MMind how
somatosensory manipulations impact the experimesitaktion.
Our results showed that the MMN elicited by speeochinds is
influenced by attention when participants start #geriment
performing an additional task, holding a spoon dliertongue or in
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the hand. This study thereby shows that somatosgnso
manipulations applied during passive listening sas&ngage
attention and caution for the use of somatosenawipulations in

passive listening conditions.

With the current study the question of whether spegaroduction
contributes to perception in passive listening dios remains
unclear. On the one hand, our results can be g to show no
influences of somatosensory manipulations in passipeech
perception. On the other hand, it is possible that attentional
effect induced by starting the experiment with #oenatosensory
manipulation diluted any effect of the somatoseysonanipulation

on speech perception.

5.1.3. Exploring the relationship between speech
perception and production across phonological
processes, language familiarities, and sensory
modalities

Previous studies on the relation between speecbepigon and
production took advantage of the great variabifitsgt L2 speakers
show in these skills. However, these studies leteconsistently
found such a relationship (Flege et al., 1999; k&hina &
Frauenfelder, 2014; Levy & Law, 2010; Peperkamp &uéhon,
2011; Rallo Fabra & Romero, 2012). In the thirddst¢Chapter 4)
we investigated the relationship of speech peroeptiand

production but in contrast with previous studies wonsidered

173



speech perception as a broad ability that invohseyveral
phonological processes, listener's languages, arahsosy
modalities. To this end, we measured speech pévce@nd
production abilities in a large sample of early daghly proficient
Spanish (L1)-Catalan (L2) bilinguals in a varietylioguistic and
non-linguistic tasks. We measured speech perceghdls across
phonological processes (sub-lexical and lexica)ehers’ language
familiarities (native, L2, and non-native) and saysmodalities
(auditory and visual). Different phonological preses were tapped
by a categorization, gating and lexical decisiosktan the L2
(Sebastian-Gallés & Baus, 2005). Native and noixegihoneme
perception abilities were assessed by the MMN ([2iaal., 2008)
and visual speech processing ability was testechvietally and
electrophysiological by a cross-modal predictiosktdSanchez-
Garcia et al., 2011, 2013). L2 speech productiofitygbnvas
assessed by a picture-naming task involving lexacatessing for
several vowels and consonants (Sebastian-Galléaus,B005). In
addition to the linguistic measures, we measuredividual
differences in non-linguistic abilities such as M&IN elicited by
tone discrimination (Diaz et al., 2008) and sensoojor skills with
a computerized drawing task. To see the complegrantions

between the different measures, we run factor arsaly

Results of the factor analysis revealed four fa;tget only the first
factor showed evidence for a tight relationshipweein speech
perception and production which held across phaicéd

processes (i.e., sub-lexical and lexical) and laggs (native and
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L2). This factor grouped together all L2 perceptiskills, L2
production skills, and the discrimination senstfivi(MMN
response) for the native phoneme changes. Integégtihighest
factor loadings were seen for the speech productimasures,
suggesting that the prime process in the factor wpeech
production. This interpretation favors motor theeriof speech
perception which propose that the basic unit okshegerception is
the articulatory gesture (Best, 1995; Best & Ty007; Fowler,
1986; Liberman & Mattingly, 1985; Pulvermiiller & éfiga, 2010).

The first factor also revealed that the type ofra#logical processes
and the listeners’ language familiarity did notreet® have a major
impact on the strength of the relationship betwegreech
perception and production. Although factor loadingsre slightly
higher for tasks involving words (lexical decisitask, gating task,
and picture naming task) as compared to isolatedngines
(categorization task and MMN to native phoneméd)tadks were
included in the factor. Hence, the inconsistentiltesof previous
studies investigating the correlation between L2esh perception
and production abilities cannot be accounted by tyy@e of
phonological process compared. Furthermore, therfémad for the
native speech perception ability was lower thantf@r L2 speech
perception and production measures. The relatipngdtween
native and L2 abilities in factor one is in linetviprevious studies
that showed that good and poor perceivers of aicdiff L2
phoneme contrast differed in their phoneme diseration abilities
of native and unknown phonemes, as measured byt (Diaz
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et al., 2008; Diaz, Mitterer, Broersma, Escera, éb&tian-Gallés,
in press). The authors interpreted the finding aslemce for a
speech specific origin of L2 perception skills. Tiesults of the
current study extended these previous results @éecspproduction.
Still, in the present study we found that the r@tMMN was

incorporated in the factor with the lowest factoad and the MMN
to the non-native phoneme was not present in thtorfaThese
results suggest that the strength of the relatetvéen perception
and production is maximal within the same familemguage. The
absence of the MMN to non-native phonemes is ia \ith Diaz et
al. (2008)’s results of non-native phonemes atigitihe smallest
MMN differences between L2 good and poor perceijvdrsugh

this was not submitted to statisticall tests.

Unexpectedly, auditory speech perception and ptomtu@bilities

did not relate to visual speech perception abditiRather, all
measures for the audio-visual prediction task wgn@uped in a
separate factor, the third factor. This patterngests that audio-
visual integration of speech might primarily rely general domain
multisensory mechanisms. Furthermore, non-linguissensory
motor skills did not relate to the speech perceptiad production
tasks. All measures of the drawing task and theti@atime of the
audio-visual task grouped together in a commonofache fourth

factor. The second factor integrated a variety efsures including
the MMN to tones and phoneme changes, the N1 frammatdio-
visual prediction task, and L2 vowel production. ¥ggest that all

measures are related to prediction processes.
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Taken together, in this study we found a clear atibng
relationship between speech perception and pramudkills. By
means of factor analysis we were able to show thtérent
measures for speech perception and productionssgibuped
together independently of the phonological anddaixprocesses
involved and languages tested. Highest loadingsthim factor
corresponded to the speech production measuregesiigy that
speech production plays an essential role in sppeoteption, as
claimed by motor theories of speech perceptiont(B€95; Best &
Tyler, 2007; Fowler, 1986; Liberman & Mattingly, 8%
Pulvermiller & Fadiga, 2010). Furthermore, the treteship
between perception and production skills was et
independent from other skills, showing few commiigal with
audio-visual speech perception, general auditoiissknd general

sensory-motor skills.

5.2. Implications for the speech perception and
production literature

The results of this dissertation show the influerafe speech
production mechanisms in speech perception. Byystgdspeech
perception across language familiarities we welte @b show that
listening to non-native speech can activate speeatiuction areas
(Chapter 2). This result challenges acoustic tlesodf language
learning that disregard any involvement of productin phoneme
learning. Rather, they claim that speech productiepends on

speech perception because any phoneme should heatsety
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perceived before it can be produced (Flege, 19961l K Iverson,

1995). Here we show that the production systenmgite to model
articulatory gestures for phonemes that are unkndm interpret
this finding as a suggestion that the producticstesy may play an
active role during phoneme learning. However, thesent study
was not designed to investigate the contributionpafduction

mechanisms to phoneme learning and this conclusimuld be

taken with caution.

The contribution of speech production in perceptigported in the
first study (Chapter 2) is in line with the clainf the motor view
that speech production is the core process supgophoneme
learning (Best, 1995; Best & Tyler, 2007; Fowle®86; Liberman
& Mattingly, 1985; Pulvermiiller & Fadiga, 2010). #ever the
present results are not conclusive in regards ¢ontdture of the
relation between speech perception and producteause they can
be also accounted by an acoustic model. The Dua&®t model of
speech perception (Hickok & Poeppel, 2007) propageds-talks
between speech perception and production when mérne
encounters difficulties in recognizing phonemes eda®n the
acoustic cues, such as when the speech signajiadésl. Thus, the
findings of the first study (Chapter 2) can be ampwdated to both

the acoustic and motor views of speech perception.
As presented in the introduction, the critical evide for the motor

view of speech perception would be finding an iefloe of speech
production on perception even when the speech Isignanot

178



degraded and the perceived phonemes are knownwEsgested
in the second study (Chapter 3) with a somatosgmeanipulation

during passive listening of native and non-nativeoremes.
However, the results were inconclusive in regardrianfluence of
speech production in perception and, rather, redeakw insights
regarding the effects of attention processes wheanaatosensory
manipulation is introduced in the experimental &fiton. Still, the

factor analysis reported in the third study (Chapgterevealed a
single factor for auditory speech perception ar@tipction abilities
in which the higher load belonged to production suees. This
finding suggests that production is not just a glias/ process to
perception, as proposed by the acoustic accounts,rdiher a
critical process to achieve accurate speech peoceghd is, hence,
difficult to accommodate in acoustic proposals qgbeech

perception. In addition, the factor analysis showdwht L2

perception and production skills were related tecdinination

sensitivity of native phonemes. This is the firshe that native
speech perception capabilities are shown to rétate production.

This novel finding implies the existence of a u@ggpeech ability
for both perception and production abilities thatri®#s among

individuals as the origin of individual differencesL?2 learning.

To sum up, in this dissertation we report an ineatent of speech
production during perception and a strong relatbboth abilities.
Our results highlight the activation of the prodowtsystem even
when listening to non-native phonemes and show itidividual
variability in L2 speech perception and productere related to

179



native speech perception abilities. Yet, the ewdemere reported is
not sufficient to reveal the nature of the relasiop between speech
perception and production. Future studies are mkddereveal
whether speech perception and production sharedatk gestures
as phoneme representations, as claimed by motouats; or rather
speech perception recognizes phonemes based swiehcoustic

features, as claimed by acoustic accounts.

5.3. Future lines of research

One question that remains unknown is whether clsanige
activations of motor areas to non-native phonenassthe ones
reported in the first study (Chapter 2), can benalex of phoneme
learning. This question could be addressed by stgdyf the
activations we found for initial exposure to nortiv& phonemes
would change as the non-native phonemes are leamédecome
part of the listener's repertoire. Based on oumltes showing
positive correlations between motor activations gnadparticipants’
non-nativeness ratings of the phonemes, we woupeaxmotor
activations to decrease when L2 phoneme categodaes
established. Eventually, when a good command oEZhphonemes
is attained, we would expect motor activations ton-native

phonemes to be comparable to those evoked by ratimeemes.

An unexpected, though interesting result of thes@néresearch was
the general attentional effect triggered by stgrtam experiment
with a somatosensory manipulation, a spoon oveitdhgue or in

the hand. This general attentional effect is propatbue to
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monitoring the somatosensory manipulation during plerception
task (taking care that the spoon does not fall Jaama might have
covered articulatory specific effects due to theamp To prevent
general attentional effects in following studiese vsuggest to
manipulate the production system before the pemepask, such
as in previous studies employing rTMS over an aldiory muscle
(Méttonen et al., 2013, 2014) or a somatosensaigiirg before the
study (Sato et al., 2011). Alternatively, a shoomatosensory
manipulation could be employed before a trial, msaiprevious
study (Ito et al., 2009).

Finally, in this dissertation we mentioned only gho another
debate in the speech perception literature: if dpaes special or
rather influenced by general domain abilities. Reéua the
relationship between speech perception and pramyct general
domain ability that is closely related to speeclhes learning of a
musical instrument. Playing an instrument requttes acquisition
of fine motor skills as well as the interactionveeén auditory and
motor cortices (Zatorre, Chen, & Penhune, 2007gviBus studies
showed that listening to music activates motoraegiin musicians
(Haueisen & Knésche, 2001) and that practicing asimyiece
results in increase in motor excitation when listgnto the same
music piece afterwards (D’Ausilio, Altenmiller, @diti

Belardinelli, & Lotze, 2006). It remains to be sed how similar
these motor interactions when listening to musie & speech

perception and if they could influence each other.
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