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Abstract
This dissertation explores the interaction between orthographic information and au-

ditory forms in the distributional and lexical learning of consonant length contrast

by monolingual English speakers. Two potentially important orthographic variables

were examined: Orthographic compatibility (whether the orthographic information

supports or contradicts the distributional or lexical information) and orthographic

familiarity (whether the native and target languages share the same orthography).

In the first experiment, 10 groups of learners were trained on either a unimodal

or bimodal distribution of two length continua. Out of the 10 groups, 8 groups were

additionally exposed to orthographic cues that varied in their compatibility with

the distributional information (compatible vs. incompatible) and familiarity with

the orthography of learners’ native language (Roman vs. Arabic). Following train-

ing, all participants performed an AX discrimination task to examine their percep-

tion of the length contrast. The results revealed that, in general, the availability of

either familiar or unfamiliar orthographic input that signaled the existence of a sin-

gle length category significantly lowered learners’ discrimination of the length con-

trast regardless of the auditory distribution. Further, the exposure to orthographic

input that supported two-category length distinction enhanced the discrimination

of length contrast irrespective of the distribution. However, the most significant

improvement occurred when both distributional information and familiar ortho-

graphic input were compatible.

In the second experiment, the same orthographic variables were tested in the

lexical learning of 12 pseudo-words containing either a singleton or geminate along

with their pictured-meanings. The results revealed that presenting learners with

compatible Roman orthography (where singleton and geminate consonants had

distinct spellings) significantly improved their lexical encoding and subsequent re-

trieval of words containing the length contrast. For the compatible Arabic orthog-

raphy group, the improvement was only significant for those who had multiple
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training cycles, indicating that unfamiliar orthography may require more exposure

before it can be learned. Finally, no significant differences were found for learners

who were presented with incompatible Roman or Arabic orthography (where both

singletons and geminates had the same spellings) compared to those who received

no orthography.

Together, these findings indicate that orthographic input, regardless of its level of

compatibility or familiarity, influences the acquisition of non-native speech sounds.

However, systematic individual variations were present, suggesting that learners

exhibit differential preference towards learning from written cues. Overall, the re-

sults provide original contributions to the body of work on the interaction between

orthography and L2 phonology and offer theoretical implications for the models of

L2 phonology.
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Chapter 1

Introduction

1.1 Background

Learning non-native speech sounds is a challenging task for adult learners espe-

cially if the target language has a phonemic contrast that is not available in their

native language. Researchers have extensively examined the phonological and pho-

netic factors that make a particular sound difficult to acquire for adult learners. A

well-established finding in second language phonology research states that the de-

gree of the perceived phonetic similarities between the target sound and its corre-

sponding native category can either hinder or facilitate the perception and produc-

tion of non-native segments. Based on this notion, several models and frameworks

have been posited to explain precisely the roles that a learner’s native language play

in her or his acquisition of L2 phonology (Hancin-Bhatt, 1994; Flege, 1995; Best, 1995;

Brown, 2000; Best & Tyler, 2007). An equally important question, which has rarely

been given the same attention until recently, is how the orthographic representa-

tions of auditory input affect L2 learners’ ability to acquire non-native phonemes.

This dissertation aims to contribute to the growing body of work on the complex

relationship between orthography and novel speech sounds in second language

phonology.

Perhaps one of the most fundamental differences between first and second lan-

guage acquisition is the nature of the linguistic input that is available for infants
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and adults learners. Research on infants’ phonological development has shown that

sound categories are mostly acquired during the first year of life (Werker & Tees,

1984a). It has been suggested that this perceptual development is achieved through

distributional learning (Maye, Werker, & Gerken, 2002; Maye, Weiss, & Aslin, 2008;

Yoshida, Pons, Maye, & Werker, 2010; Cristià, McGuire, Seidl, & Francis, 2011). Al-

though adults possess similar abilities (Maye & Gerken, 2000, 2001; Hayes-Harb,

2007; Perfors & Dunbar, 2010; Ong, Burnham, Escudero, & Stevens, 2017), albeit less

effective (Wanrooij, Boersma, & Van Zuijen, 2014), their exposure is not limited to

the relative frequency of the auditory stimuli available in speech. Unlike infants, the

linguistic experience of literate adult learners is shaped by many factors including

the target language input, which typically encompasses various data types that can

be utilized by learners to acquire the linguistic system of the target language.

In addition to the frequency distributions of sound categories, learners have ac-

cess to the written representations of these categories. Previous L2 research has

largely overlooked the ways in which orthography influences the acquisition of

nonnative speech sounds. Until recently, the impact of written input on the per-

ception and production of L2 sound categories has been implied (e.g., Flege, 1988;

Best and Tyler, 2007), but not experimentally teased apart. Still, recent contribu-

tions have provided valuable insights into the relationship between orthographic

representations and nonnative speech sounds in perception (Escudero & Wanrooij,

2010; Simon, Chambless, & Kickhöfel Alves, 2010; Pytlyk, 2011; Mok, Lee, Li, & Xu,

2018), production (Rafat, 2015; Bassetti & Atkinson, 2015; Young-Scholten & Langer,

2015; Hayes-Harb, Brown, & Smith, 2018; Han & Kim, 2017; Bassetti, 2017; Bassetti,

Sokolović-Perović, Mairano, & Cerni, 2018), word learning (Hayes-Harb, Nicol, &

Barker, 2010; Simon et al., 2010; Showalter & Hayes-Harb, 2013; Escudero, Simon, &

Mulak, 2014; Showalter & Hayes-Harb, 2015; Hayes-Harb & Hacking, 2015; Math-

ieu, 2016; Hayes-Harb & Cheng, 2016; Simonchyk & Darcy, 2018; Showalter, 2018)

and L2 spoken word recognition (Veivo & Järvikivi, 2013; Veivo, Järvikivi, Porretta,

& Hyönä, 2016; Qu, Cui, & Damian, 2018; Veivo, Porretta, Hyönä, & Järvikivi, 2018).
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No previous study though has offered a systematic assessment of the impact of or-

thographic input in the perceptual and lexical learning of nonnative speech sounds.

In particular, the way orthographic information interacts with the acquisition of

non-native speech sounds at the perceptual as well as recognition levels has not

been fully understood.

This dissertation examines the effects of orthographic cues on the acquisition

of the length contrast by native English speakers. Although consonant length is

not contrastive in English as opposed to Arabic, native speakers manipulate the

duration of consonants phonetically. Perceptually, native English speakers exhibit

sensitivity to durational cues, identifying, for example, /tOpIk/ with a /p/ closure

duration shorter than 150 ms as topic, and as top pick if the duration is longer than

250 ms (Pickett & Decker, 1960). In production, native English speakers tend to pro-

duce a phoneme spelled with more than one letter longer than when same phoneme

spelled with a single letter (Brewer, 2008). Thus, the availability of this feature in

English at the phonetic level is expected to facilitate learning the contrast phonemi-

cally. Previous studies have shown that English learners can improve their discrim-

ination of the singleton/geminate contrast with language experience (Hayes, 2001;

Kato & Tajima, 2002; Hayes-Harb, 2005; Hayes-Harb & Masuda, 2008); or, more

relevant to the current dissertation, after brief training (Hirata, 2004; Tajima, Kato,

Rothwell, Akahane-Yamada, & Munhall, 2008; Hirata, Whitehurst, & Cullings, 2007;

Motohashi-Saigo & Hardison, 2009; Pajak & Levy, 2011; Porretta & Tucker, 2015). In

the training studies, the learning consisted of auditory exposure only or auditory

exposure coupled with explicit instruction, visual presentation of the waveforms of

the contrast or instant feedback. Based on these findings, this particular contrast

offers a unique opportunity to evaluate the effects of orthographic cues following a

brief exposure.

The remainder of this chapter is organized as follows. Section (1.2) briefly re-

views some of the models and theories of L2 phonology and provides an overview

of the research on distributional learning as a learning mechanism utilized by adult



Chapter 1. Introduction 4

learners in the acquisition of non-native speech sounds ; section (1.3) offers a de-

tailed review of studies that have explored the relationship between orthography

and L2 phonology; and finally, section (1.4) concludes this chapter with the objec-

tives and research questions of this dissertation.

1.2 L2 phonological acquisition

1.2.1 Models of L2 phonology

One of the earliest models that attempted to explore the interaction between L1 and

L2 phonology is Contrastive Analysis (Lado, 1957), which claims that L2 phonemes

which are similar to the learner’s native language are easier to acquire than dissimi-

lar phonemes. However, several studies have also pointed out that L2 learners have

no difficulty in acquiring segments that are unavailable in their native language.

Following this simple phonemic comparison between L1 and L2 phonological

systems, researchers have sought to develop more complex models that can tackle

the various types of learning difficulties often encountered by adult L2 learners.

Among these is the Speech Learning Model (SLM) (Flege, 1995). One of the as-

sumptions this model makes is that L2 learners exploit the same learning mecha-

nisms and processes, such as forming phonetic categories in the long-term memory,

that are available during the acquisition of their native language. Crucially, the SLM

hypothesizes that sounds in L1 and L2 are perceptually related to each other at the

surface level rather than at the abstract level. Data on the production and percep-

tion of English by Japanese learners has shown that the allophonic variants of a

phoneme are less prone to errors than other variants in different positions (Sheldon

& Strange, 1982). For instance, adult Japanese learners of English performed better

in discriminating /ô/ and /l/ in word-final positions than in word-initial positions,

possibly due to durational cues, phonotactic constraints as well as coarticulatory ef-

fects. For example, the phonemes /ô/ and /l/ are consistently longer word-finally,
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thus providing listeners with more acoustic information to perceive the contrast

(Lively, Logan, & Pisoni, 1993). Regarding the relative ease or difficulty in learn-

ing a non-native category, the SLM classifies L2 sounds in terms of their similarities

and dissimilarities to L1 segments. Identical and different sounds are more easily

perceived and produced, while similar sounds are predicted to be more difficult to

learn.

Another model that stresses the importance of surface representation in L2 was

posited by Best (1995). According to this model, naive listeners (those without prior

experience in the target language) perceive non-native sounds in terms of their simi-

larities and dissimilarities to their native language by means of articulatory gestures.

That is, listeners assimilate a non-native phonetic segment into a native phoneme

based on the articulatory similarities between the two. The model did not origi-

nally intend to explore the L2 learners’ perception of speech sounds; instead, the fo-

cus was placed on the interaction between listeners’ L1 phonology and non-native

sounds of unfamiliar languages. Noting that the Perceptual Assimilation Model

(PAM) is often reported in the L2 phonology literature, Best and Tyler (2007) ex-

tended the model to account for the perceptual difficulties for listeners who are ac-

tively learning a second language. According to PAM-L2, L2 learners base their

perception of non-native phonetic segments on the degree of similarities between

the articulatory properties of these L2 segments and the L1 phonological categories.

Unlike PAM, however, PAM-L2 allows for perceptual assimilation to occur at the

phonological level and thus differs from SLM, which considers phonetic properties

as the only level of investigation. PAM-L2 hypothesizes that the degree of difficulty

L2 learners have in discriminating a given non-native contrast is determined by the

type of perceptual assimilation process: L2 learners are able to perceive the contrast

if it is assimilated into two distinct L1 categories. However, difficulty will arise in

perceiving the L2 contrast if it is assimilated into the same L1 category.
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1.2.2 Distributional learning

One way adult learners acquire a non-native contrast is through minimal pair com-

parison. Learners recognize that a sound is important in the target language once

they realize that replacing it with another one in the same position alters the mean-

ing. Their attention then is focused on learning the phonetic properties that differen-

tiate these sounds. Once the contrasting properties are discerned, new categories are

formed. However, as the SLM model postulates, L2 adult learners retain the same

learning mechanisms used when learning the sound system of their L1 (Flege, 1995).

Experimental research has shown that adults—like infants—can form new phonetic

categories by extracting the statistical regularities of the L2 sounds structures that

are available in the input. In training studies, adult learners exhibited sensitivity

to the statistical information in the auditory input and learned sound categories

based on their distribution. For instance, Maye and Gerken (2000) exposed adult

English speakers to a sound continuum ranging from the voiced /d/ (as in day) to

an unaspirated /t/ (as in stay) in 8 equal steps. While English listeners can perceive

the contrast phonetically, they are not able to discriminate /d/ and an unaspirated

/t/ on a phonemic level, as both sounds belong to the same phonemic category /d/.

The distribution was either unimodal, where learners heard tokens on the center of

the continuum more often, or bimodal, where learners heard tokens near both ends

of the continuum more frequently (See Figure 1.1).

Following training, the learners performed an AX discrimination task where

pairs of stimuli extracted from endpoints of the continuum were presented and they

had to decide whether they were the same or different. If the bimodal group relied

on statistical distributions to establish phonemic categories, they would judge to-

kens one and eight as different, while the unimodal group would only establish a

single category and thus perceive both endpoints as similar. The results indicated

that participants who were exposed to a bimodal distribution indeed performed sig-

nificantly better in discriminating tokens along the /d/-/t/ continuum than learners
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FIGURE 1.1: An illustration of the distributional learning participants were exposed to (Solid line
= bimodal distribution. Dotted line = unimodal distribution).

in the unimodal group. The researchers concluded that phoneme acquisition could

be achieved through distributional learning.

This learning mechanism was further tested on the acquisition of phonologi-

cally conditioned allophones. Peperkamp, Pettinato, and Dupoux (2003) exposed

adult native French listeners to a continuum stretching from [K] to [X], where the end

points were the allophones of the voiced uvular fricative /K/. In French, the voice-

less uvular fricative is the result of voice assimilation with adjacent voiceless con-

sonants. In order to determine whether contextual factors affect distribution-based

learning, the researchers presented a group of listeners with a bimodal distribution

of [K]-[X] continuum followed by CV syllable chosen at random, while another group

was exposed to the same type of distribution with the addition of the contextual fac-

tors that condition the allophones, i.e. a voiced obstruent follows tokens containing

[K] while a voiceless one follows tokens containing [X]. The follow-up AX discrim-

ination task revealed that listeners who were exposed to the target allophones in

their rightful contexts made more errors in discriminating the pair than the other

group, which were not provided with same contexts. Peperkamp et al. (2003) con-

cluded that distribution-based learning is sensitive to the contextual cues that con-

dition phonetic segments. As the results have shown, allophones are discriminated

better when presented out of context; however, the ability to perceive the allophonic
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contrast diminishes when they are embedded in their phonological contexts. The re-

searchers attributed this discrepancy in discriminating seemingly distinct segments

to the listeners’ different levels of processing when perceiving phonetic segments.

Listeners rely on their auditory and acoustic knowledge to process allophones in

isolation, while their phonological representation comes into play if context is intro-

duced.

Relevant to the current study is the question of whether adult learners of a sec-

ond language also utilize distribution-based learning. Shea and Curtin (2005) ad-

dressed this issue by training native Spanish and English speakers to perceive the

Arabic pharyngealized consonant+low vowel sequence. In Arabic, the pharyngeal-

ized consonants /tQ sQ dQ DQ/ alter the quality of adjacent vowels by lowering their

F2 values. The resulting allophone of the Arabic /æ/ in pharyngealized context

has phonemic status in English, but it does not have a direct equivalent in Spanish.

Thus, an English listener may map this allophone into his or her native phoneme

/A/. In contrast, a Spanish listener will probably assimilate both Arabic [æ] and

[A] into the Spanish /A/. Shea and Curtin explored the effect of L1 and contextual

cues that condition allophonic alternation on distribution-based learning. The re-

searchers hypothesized that native English speakers may be sensitive to the vowel

quality in the input to acquire pharyngealized/non-pharyngealized vowel distinc-

tion because they are both phonemic in English. As for Spanish listeners who lack

this contrast, the types of consonants that condition vowel distinction may trigger

the acquisition.

To test these hypotheses, Shea and Curtin (2005) created two types of continua

from natural speech; in one, the consonant varied along a Voice Onset Time (VOT)

continuum and the vowel remained constant; in the other, the vowel varied along

an F2 continuum with the consonant held steady. Both groups of listeners were ex-

posed to unimodal and bimodal distributions of the two continua. An ABX discrimi-

nation task on the pharyngealized/plain consonant+ low vowel sequence was given
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before and after training in order to examine the effects of statistical distribution-

based learning on the acquisition of the non-native contrast. The participants heard

three stimuli in a row and had to decide which of the first two (A or B) was similar to

the third one (X). The results indicated an overall significant increase in the accuracy

of discriminating the Arabic contrast in both English and Spanish listeners. Spanish

listeners who were exposed to a bimodal distribution of the low vowel continuum

achieved the greatest improvement. With the caveat that these results were achieved

under this particular experimental setup, the researchers argued that adult learners

of a second language could utilize distribution-based learning to create non-native

categories.

Similarly, Pajak and Levy (2011), Pajak (2012) trained 48 monolingual English lis-

teners on the novel singleton/geminate contrast using sonorants and obstruents that

varied along the length continuum. Participants were exposed to either continua

containing sonorants or obstruents. Each continuum consisted of 8 tokens separated

equally by 15 ms with the end points measured at 100 ms for short consonants and

at 205 ms for long consonants. The participants were divided into unimodal and

bimodal training groups and subsequently were given an AX discrimination task.

The aim was to see whether participants would be able to infer categories based on

the type of distribution they were exposed to and whether they could transfer their

newly acquired knowledge to other class of consonants. The testing materials con-

tained pairs with a combination of tokens 1 and 8: (1-8, 8-1) for different pairs or (1-1,

8-8) for same pairs. The results showed that participants exposed to sonorants were

able to infer two categories from the bimodal distribution and one category from on

the unimodal distribution. Additionally, they were able to utilize their training on

sonorants to perceive the length contrast in obstruents. Conversely, participants in

the bimodal group who were trained on obstruents failed to learn the contrast and

eventually replicated their inability to perceive the length contrast when tested on

sonorants. Pajak and Levy (2011) attributed this discrepancy to the fact that obstru-

ents, especially fricatives, are generally longer than sonorants in English and thus
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participants in the bimodal group might have perceived the short and long tokens

as members of the same category.

Distributional learning has also been shown to enhance the lexical encoding of

novel speech sounds. Perfors and Dunbar (2010) trained 61 participants on two

tasks: Phonetic and word learning. One group was exposed to a bimodal distribu-

tion of a novel voicing continuum ranging from /g/ to unaspirated /k/; the other

group was presented with a bimodal distribution of a familiar contrast ranging

from /d/ to the aspirated /th/. Following the phonetic training, both groups were

asked to learn multiple pseudo-words containing the same novel contrast with their

pictured-meanings. Following the learning phase, participant were tested on their

ability to associate each pictured-meaning with its corresponding auditory form.

During the auditory-picture matching test, participants saw an image and heard

two words differing in whether and word-initial sound was /g/ or the unaspirated

/k/, and were asked to indicate which auditory form corresponded with the image.

The results showed that those who received distributional training of the same con-

trast established more accurate lexical representations than those who were trained

on the /d/-/th/ contrast. Hayes-Harb (2007), however, found no effects for distribu-

tional information in improving the lexical encoding of nonnative speech sounds.

Although the relationship between perception and production is often complex,

there is evidence that perceptual learning based on statistical distribution can trans-

fer to production. Baese-Berk (2010) examined the relationship between perception

and production using the statistical learning paradigm. In the first experiment, two

groups of participants were exposed to either a bimodal or unimodal distribution of

multiple voicing continua ranging from the voiced /d/ to the unaspirated /t/ in 8

equal steps preceding three different vowel environments. The subjects were tested

on their production of the learned contrast using a repetition task. The participants

were presented each time with any of tokens 1, 3, 6 and 8 from the three continua

and asked to reproduce the token as accurately as possible. The results showed that

the participants in the bimodal group improved slightly by producing the target
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contrast with a larger distinction between the end points of the continuum after the

second day of training. Furthermore, there was a correlation between accuracy in

perception and improved production. Baese-Berk concluded that implicit statistical

learning based on distributional information could filter through production.

The findings of these studies suggest that adult learners, aided only by limited

exposure to the statistical information available in the input, could acquire non-

native contrasts with notable success. Clearly, L2 learners possess the ability to

overcome quickly their native language biases when implicitly learning a second

language, albeit under experimental conditions. However, the following question

remains: How does orthographic information affect learning non-native phonemes?

In the next section, an review of the research on the relationship between ortho-

graphic representations and L2 phonology is presented.

1.3 Orthography and second language phonology

Interest in the interaction between orthographic information and auditory forms

has increased recently, especially given the limited explanations offered by the tra-

ditional models and theories of phonological acquisition about the intricate nature

of language learning. Among the models discussed, only PAM-L2 considers or-

thography as a potential influence in L2 phoneme acquisition. Best and Tyler (2007)

attributed the tendency of French learners to produce the English [ô] as their native

voiceless uvular fricative [K] to the fact that both phonemes are represented by the

same letter in both languages. The lack of experimental scrutiny of the potential

role of orthography in second language learning has prompted some researchers to

explore the relationship between written representations and auditory input in L2

phonology. Overall, previous studies have found that the orthographic input may

have a positive, negative or no effect at all on learning non-native speech sounds

based on factors such as L1 orthography and the level of familiarity with L2 writ-

ing system. The following subsections will discuss the nature of the effects of L1
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orthography and the degree of familiarity with L2 orthography on the acquisition

of L2 phonemes.

1.3.1 The influence of L1 orthographic representations on L2 phono-

logical acquisition

In order for orthography to inhibit the acquisition of non-native phonemes, the or-

thographic forms of the learners’ native phonemes have to be incompatible with the

auditory input of the target language. The evidence for the interference of L1 orthog-

raphy was provided by a longitudinal study of native English learners of German

(Young-Scholten & Langer, 2015). The researchers tracked the phonological devel-

opment of three Americans learning German as a second language over a one-year

period. The linguistic item of interest was the word-initial /z/, which is orthograph-

ically represented by the letter <s> in German. The analysis of both spontaneously

produced and naturally elicited data showed that the American learners’ realiza-

tion of the phoneme /z/ mostly corresponded with their representation of the letter

<s> word-initially in their native English, that is [s]. This finding suggests that

orthographic forms may curb the influence of the auditory input on the the learn-

ers’ ability to acquire second language phonemes. This is particularly interesting

because the target phoneme has an equivalent in the English phonemic inventory;

nonetheless, the study concluded that the mismatch in the orthographic represen-

tations between German and English caused learning difficulties. Earlier, Young-

Scholten (2002) also found that English-speaking learners of German produced the

word-final devoiced obstruents with a voicing quality, possibly due the of the influ-

ence of the orthographic-auditory correspondences of their native language.

Inconsistency in the spelling norms of L2 phonemes can also lead to learning

difficulties. Evidence pointing to the hindering effect of the orthographic input was

found in a study conducted on 18 participants, most of them were native English-

speaking learners of Chinese (Bassetti, 2006). These learners were exposed to the
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pinyin orthographic forms, a somewhat phonologically transparent Chinese writing

system that uses Roman characters, for an average of eight months. The researcher

examined the learners’ phonological acquisition of three Chinese rimes [uei], [iou]

and [u@n] using phoneme counting and phoneme segmentation tasks. These rimes

are spelled without the central vowel after an onset consonant (e.g., [ku@n] is spelled

<kun>). The results showed that the number of phonemes counted and segmented

in the consistently spelled syllables were significantly higher than the number of

phonemes counted and segmented in the syllables that lacked the central vowel

in the pinyin spelling. The researcher concluded that difficulties in acquiring L2

sounds are not only caused by the learners’ L1 phonology but rather by a combina-

tion of L1 bias and the orthographic input of L2.

Bassetti and Atkinson (2015) explored how the irregularities of L2 orthographic

forms affect the production of L2 phonemes among advanced Italian-speaking learn-

ers of English. In a reading task, 85% of the experienced learners pronounced an

added phoneme in words containing silent letters, while 56% produced these letters

in a repetition task where both the spellings of the words and their pronunciations

were presented. In a second experiment, the Bassetti and Aktinson investigated

whether vowels represented by double letters would be produced with longer du-

ration than vowels represented by a single letter (e.g., <moon> vs. <june>). The

results confirmed the negative influence of orthography. The learners’ production

of vowels spelled with double letters were longer than vowels spelled with a sin-

gle letter. Moreover, Bassetti and Atkinson (2015) examined the production of the

allophonic variants of the morpheme <ed>, which marks the past tense and the

past participles ([d], [@d] and [t]). The learners were given the written base form

of 21 regular verbs and were asked to produce their past tense and past partici-

ple. The researchers found that L2 learners produced /d, t/-ending verbs with an

added vowel, while their realization of verbs ending with /t/ mostly contained /d/

or /@d/. These results indicate that learners could be negatively influenced by the

orthographic forms of L2 sounds.
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The hindering role of the orthographic input in learning new phonemes has been

also attested in training studies. Hayes-Harb et al. (2010) examined native English

speakers’ ability to learn new words based on the following information: auditory

input, pictures indicating meanings and orthographic input. Three groups of learn-

ers were given the same auditory input matched with corresponding images, but

they differed with regard to orthography. Crucially, the first group was presented

with spellings consistent with English norms (e.g., <kamad> for [kAm@d]), while the

second group received spellings that were inconsistent with English (e.g., <faza>

for [faS@]). The third group was not exposed to the orthographic forms of the audi-

tory input. All three groups were given the same picture-matching task where an

auditory form of a word was accompanied by a picture. The learners were asked to

decide whether the picture matched the auditory token or not based on the train-

ing they received. The results showed that the learners who were presented with

incompatible orthography were less successful in matching auditory tokens with

their corresponding pictures, which indicates that inconsistency between L1 and L2

grapheme-phoneme correspondences could negatively impact learners’ ability to

lexically encode new words.

However, an eye-tracking experiment found that the availability of orthography

improved learners’ ability to acquire a non-native contrast. Escudero, Hayes-Harb,

and Mitterer (2008) trained 50 highly proficient Dutch learners of English to learn

the problematic English /æ-E/ contrast using non-words. The participants were di-

vided into two groups: an auditory-only group and an auditory-orthography group.

During training, the participants were presented with an auditory form along with

its corresponding image as well as the written representation of the non-word only

in the auditory-orthography group (e.g., <gebbet> for /gEb@t/ and <gabble> for

/gæb@l/). In Dutch, the graphemes <e> and <a> correspond to the phonemes /E/

and /A/, respectively. Following the training, the participants engaged in an eye-

tracking task where an auditory form was played and two images were presented;

they had to fixate on the correct image associated with the auditory form. The results
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revealed that participants who were exposed to only the auditory forms looked at

both images associated with words containing /æ/ and /E/ when they heard a word

with either /æ/ or /E/. In contrast, the auditory-orthography group fixated only

on images associated with words containing /E/ when they heard a word with /E/,

but when they heard tokens with /æ/, these participants looked at images that were

associated with words containing /æ/ or /E/. The researchers concluded that L2

learners, aided by their L1 phoneme-grapheme correspondences, utilize the avail-

able orthographic representations of the auditory input in order to acquire the target

contrast.

Other studies have reported mixed results regarding the nature of the influence

that L1 orthography exerts on the acquisition of L2 phonemes. Escudero and Wan-

rooij (2010) examined the effects of L1 orthographic input on the perception of six

Dutch vowels /a A i I y Y/ by Spanish-speaking naive listeners. The Spanish vowel

inventory has only five monophthongs /a i e o u/. Therefore, it was predicted that

Spanish learners would have difficulty perceiving the following Dutch vowel con-

trasts: /i-y/, /I-Y/, /i-I/, /y-Y/ and particularly /a-A/ because they would be most

likely assimilated to their single native categories /a/, /i/ and /u/, respectively. In

terms of orthography, Spanish has a transparent writing system as opposed to Dutch

orthography in which a grapheme can represent more than one phoneme. Based on

these discrepancies, both orthographic and phonological, the researchers hypothe-

sized that the Spanish learners’ L1 writing system would interfere with their ability

to process L2 non-native contrasts. To test this hypothesis, an auditory XAB dis-

crimination task was performed first on the perception of the following five vowel

contrasts: /a-A/, /i-I/, /i-y/, /I-Y/ and /y-Y/. The results of the auditory task con-

firmed that the Spanish-speaking listeners were not able to accurately discriminate

the Dutch novel contrasts, particularly /a-A/ and /I-Y/. To see whether their ability

would improve or worsen with the presence of orthography, a second task was con-

ducted in which the listeners were given an XAB test along with the Dutch spellings

of the auditory stimuli. Here, the participants heard a vowel and had to decide if
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it was similar to the second or third auditory tokens accompanied by their ortho-

graphic representations in Dutch. The results showed that the orthography had dif-

ferential effects: the listeners displayed significant improvement in their perception

of /a-A/, whereas they performed worse in discriminating /i-I/ and /y-Y/, although

the differences were not significant. The researchers attributed the improvement in

the perception of the /a-A/ contrast to the alignment of both the acoustic and the

orthographic information. Acoustically, /A/ is longer than /a/ in Dutch and this du-

rational difference is marked orthographically with double letters (<a> for /a/ and

<aa> for /A/). For the remaining contrasts, access to orthography neither helped

nor hindered the ability of the Spanish listeners to perceive these contrasts.

Escudero et al. (2014) extended their examination of the influence of orthogra-

phy on the acquisition of Dutch vowels by looking at both monolingual and ex-

perienced Spanish-speaking listeners. In this study, the participants were trained

to learn novel words containing perceptually easy and difficult vowel contrasts that

had either similar or different orthographic representations in both Dutch and Span-

ish. For instance, the Dutch vowels /I-Y/ are perceptually similar to the Spanish /i-

u/; moreover, both pairs have identical orthographic forms in Dutch and Spanish:

<i> for /I-i/ and <u> for /Y-u/. Conversely, the Dutch /A-a/ contrast is perceptu-

ally difficult because it has one equivalent in Spanish /a/, and it is orthographically

represented by two graphemes (<aa> and <a> as opposed to one in Spanish <a>).

The training involved one group of the participants listening to non-words contain-

ing these vowels and simultaneously seeing their corresponding pictures, while the

other group was exposed, in addition to auditory forms and pictures, to the writ-

ten forms of these items. To test their acquisition of these contrasts, the participants

heard an auditory form and were asked to choose the picture that corresponded

with the non-word. The results showed that the performance of the participants

correlated with the L1 grapheme-phoneme correspondences; both monolingual lis-

teners and learners performed worse in identifying novel words that featured in-

compatible orthographic forms. Conversely, the participants who were exposed to
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Dutch non-words with orthographic forms that were compatible with their L1 or-

thography performed better than those in the auditory group, with the experienced

learners achieving more accuracy than the naive listeners.

In a follow-up study, Escudero (2015) evaluated the performance of Australian

English listeners in learning novel minimal pairs containing the same Dutch vowels

and compared it with the Spanish listeners’ performance in (Escudero et al., 2014).

The grapheme-phoneme correspondences in English are not as transparent as in

Spanish. For instance, the Dutch /A-a/ are orthographically represented in Dutch

by <a> and <aa>, respectively, while their closest equivalents in Australian En-

glish /O-5:/ are spelled with <o> and <ar> in English. The participants underwent

the same learning phase where they heard a non-word containing one of the Dutch

vowels while seeing its corresponding picture. In addition to the auditory forms

and their corresponding pictures, the participants in the orthography group were

also exposed to the Dutch spellings of these words. The results of the follow-up

test showed that access to orthography only improved the learning of two contrasts

which were already perceived with intermediate to high accuracy in the auditory

group, indicating that orthography reinforces learning when the contrast is rela-

tively easy to perceive. For the remaining contrasts, the availability of orthographic

information neither helped nor hindered their acquisition.

Overall, these studies demonstrate that orthography can have a positive effect on

phonological acquisition and/or word learning when the target contrast is already

easy to discriminate and the orthographic input is compatible with the learner’s L1.

1.3.2 Unfamiliar orthography and L2 phonemes

The level of familiarity with the orthography of the target language can also de-

termine the learning outcome. Mathieu (2014) explored the impact of orthographic
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familiarity on the lexical encoding of non-native phonemes. In the first set of exper-

iments, native English speakers were trained to perceive the Arabic voiceless uvu-

lar and pharyngeal fricatives /X/- /è/ and were assigned to five groups. The first

group was exposed only to the auditory tokens along with pictures indicating their

meanings, while the other groups were additionally presented with orthographic

labels varying in their degrees of resemblance to Roman orthography. After the

training, all participants underwent a phonological test in which they were asked if

the picture presented matched the auditory token played. The results demonstrated

that generally, the participants exposed to Arabic orthographic forms performed

significantly worse than the participants who only received auditory input. Math-

ieu (2014) attributed the poor performance of the participants in the orthography

group to the combined effect of the complexity of the contrast and the unfamiliarity

of the script.

The same result was obtained when using orthographic labels that were more

familiar to native English speakers’ writing system; participants who were exposed

only to the auditory tokens performed significantly better than the participants

who were presented with the Cyrillic spellings and of these tokens. In order to

increase the level of familiarity, a phonologically transparent Roman orthography

with added superscripts (a bar and a dot to mark the phonological contrast) was

introduced to a third group, but the learners who were trained only on auditory

tokens still performed significantly better. The only two conditions in which the

inhibitory effect of orthography was neutralized occurred when the two phonemes

were contrasted orthographically by diacritics (e.g., <x̃al> vs. < ẋal>), and when a

hybrid system consisting of a word-initial Cyrillic letters followed by Roman letters

was used. In both conditions, the performances of the participants who were ex-

posed only to auditory input were not significantly better than those who also were

exposed to orthographic information.
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The second set of experiments was designed to test monolingual English speak-

ers’ ability in learning novel words containing the Japanese consonant length con-

trast. Overall, orthography exerted no influence when completely unfamiliar (Hira-

gana symbols) and familiar (Roman letters) scripts were presented. These findings

were in contrast to the results on the acquisition of the Arabic /X/ and /è/ where

Arabic and Roman alphabets negatively affected learning the contrast (Mathieu,

2014).

Similarly, Showalter and Hayes-Harb (2015) trained monolingual English speak-

ers to learn Arabic non-words containing the velar-uvular stop contrast /k/ and /q/.

The participants were assigned to two groups: a group that heard the auditory forms

and simultaneously saw their Arabic spellings and pictures indicating their mean-

ings; the second group only lacked the orthographic information. Following the

training, the participants were tested on their acquisition of the contrast by deciding

whether the words they heard matched the pictures they saw. The results showed

that both groups performed similarly, which suggests that Arabic orthography nei-

ther improved nor hampered the learners’ ability to learn the /k/-/q/ contrast. The

follow-up experiment attempted to familiarize the English learners with Arabic or-

thography by instructing them on the direction of the script (right-to-left as opposed

to left-to-right) and the number of letters in each word, but the results did not reveal

any effect of that instruction on their ability to learn the contrast. Another subse-

quent experiment substituted the Arabic script with Roman alphabet (e.g., /kubu/

is spelled <kubu> while /qubu/ is spelled <qubu>). Because of the L1 grapheme-

phoneme correspondences (both /k/ and /q/ are orthographically represented by

the letter <k>), the participants who were exposed to Roman spellings performed

significantly worse in identifying the Arabic velar-uvular contrast than the control

group and the Arabic script group.

These findings suggest that while unfamiliar orthography can generally hinder

learning L2 phonemes, the effect of the two sources of information on learning is far

more complex. Indeed, there is even evidence that unfamiliar writing system can
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improve learning. Showalter and Hayes-Harb (2013) examined the ability of mono-

lingual English speakers to learn eight Mandarin non-words containing contrastive

lexical tones. The participants were assigned to the "No Tone Marks" and "Tone

Marks" learning groups. Both groups heard an auditory form containing a lexical

tone along with its corresponding picture as well as the written form. The "No Tone

Marks" group was presented with a pinyin spelling that lacked diacritics, whereas

the "Tone Marks" group saw a spelling that contained a diacritic that marked the

tone type (e.g., <gi> vs. <gì> for a high-falling tone). In the first experiment, the

learners were asked to decide whether the auditory form they heard matched the

correct image based on the training they had. The results revealed that the partici-

pants in the "Tone Marks" group performed significantly better than the participants

in the "No Tone Marks" group, which indicates that unfamiliar orthography can help

learning non-native speech sounds. The second experiment was intended to deter-

mine if improved learning was driven by the availability of diacritics. Instead of

pictured meanings, participants were presented with an auditory form along with

its spelling and were asked whether they matched or not. Although their accuracy

in matching the diacritics with their corresponding auditory tones was not signif-

icantly high, the participants in the "Tone Marks" group outperformed their coun-

terparts in the "No Tone Marks" group. The researchers concluded that partially

unfamiliar orthography may help L2 learners to acquire non-native speech sounds.

In sum, our understanding of the role of orthography in language learning has

grown because of the recent interest in the relationship between written forms and

L2 phonology. The previous research has identified a number of cases in which

orthography may influence the acquisition of non-native phonemes. First, in lan-

guages that share similar writing systems, the incompatibility between L1 and L2

grapheme-phoneme correspondences may impede learning. Second, the inconsis-

tencies in the spelling norms in L2 orthography may also lead to a defective learn-

ing of L2 phonemes. Third, the exposure to completely foreign orthography can

hinder learners’ ability to acquire non-native sounds. However, research also has
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shown that the type of contrast being learned may determine whether orthography

is influential or not. For example, learning two contrastive L2 phonemes that lack

counterparts in L1 may prove to be too difficult for orthography to have any effect.

Finally, orthography can improve learning if L1 and L2 grapheme-phoneme corre-

spondences are compatible, L2 spellings are consistent and if the target language

employs a partially familiar writing system, such as the Roman alphabet with dia-

critics.

1.4 Research objectives and questions

Second language learners are exposed to multiple and diverse cues—both linguistic

and non-linguistic—during the early stages of L2 phonological development. Chief

among them, particularly for literate learners in instructional settings, is the written

representations of speech sounds. Although recent research has advanced our un-

derstanding of the role of orthography in L2 phonological acquisition, there are still

many areas in L2 orthography-phonology interface that need to be explored. The

main objective of this dissertation is to understand how orthographic cues interact

with the perceptual and lexical learning of non-native speech sounds. In particular,

this research intends to probe the effects of orthographic compatibility and familiar-

ity on the acquisition of the consonant length contrast via both statistical and lexical

learning. Orthographic compatibility is determined by whether the written cues

support or contradict the auditory statistical information in distributional learning;

and the auditory lexical information in word learning. Orthographic familiarity is

defined by whether L1 and L2 share the same orthographic system. Three main

questions will be addressed in this dissertation:

1. Does the exposure to orthographic cues facilitate the distributional and lexical

learning of the consonant length contrast?
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2. If the orthographic information contradicts other cues, does orthography over-

ride the effect of statistical and lexical learning in a similar way?

3. Does the level of familiarity with L2 orthography determine the learning out-

come? If the target language employs an unfamiliar alphabet with diacritics,

does the availability of diacritics neutralize or even reverse the negative influ-

ence of unfamiliar orthography in L2 phonemes?

1.5 Outline of the dissertation

Chapter (2) presents three experiments that tested native English speakers’ ability

to learn the consonant length distinction via distributional learning. Chapter (3) de-

scribes two experiments designed to examine the impact of orthographic compat-

ibility and familiarity on the distributional learning of consonant length contrast.

The first experiment (3.2) tested monolingual English speakers’ perception of the

length contrast following the exposure to either a unimodal or bimodal distribution

paired with compatible or incompatible Roman spellings. The second experiment

(3.3) implemented the same training procedure with Arabic orthography. Chap-

ter (4) examines the effects of the same variables—orthographic compatibility and

familiarity—on the lexical encoding of the length contrast. Two word learning ex-

periments were designed; Experiment One (4.2) presented 12 novel words and their

pictured-meanings paired with either compatible Roman orthography, incompati-

ble Roman orthography or no orthography at all; the second experiment (4.3) pre-

sented the same words with Arabic orthography instead. Finally, Chapter (5) sum-

marizes the main findings in this dissertation and revisit the research questions,

offering interpretation and future research directions.
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Chapter 2

The Distributional Learning of an L2

Consonant Length Contrast

2.1 Introduction

The purpose of this chapter is to uncover the role of orthography in perceptual learn-

ing. The research is driven by the observation that naive listeners are able to infer

non-native sound categories based on the type of distribution they are exposed to,

and the difficulty L2 learners persistently face when learning non-native phonemes

indicates that other factors, such as orthography, may have a contributing role in

L2 phonological acquisition. In order to examine this relationship, there is a need

to first establish the role of statistical learning in the acquisition of the consonant

length contrast. This chapter reports three experiments demonstrating whether ex-

posure to the distributions of sound categories in the input influences the perceptual

learning of the length contrast.

2.2 Experiment One

The first experiment attempts to replicate the study conducted by Pajak and Levy

(2011) on the statistical learning of the consonant length contrast by naive English

learners. Their findings showed that learners in the bimodal group were signifi-

cantly more accurate in their perception of the contrast than the learners who were
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exposed to a unimodal distribution. The design of the speech materials and the

training and testing procedures closely follows their study. Based on their findings,

it is predicted that a similar pattern will emerge; learners exposed to a bimodal dis-

tribution will exhibit more sensitivity to the length contrast than learners who have

unimodal exposure .

2.2.1 Methods

2.2.1.1 Participants

Twenty four native English speakers (20 females and 4 males) with an average age

of 20.8 (SD= 1.4, range= 18-22) were recruited from the University of Alberta De-

partment of Linguistics participant pool to take part in this experiment. The par-

ticipants received course credits for their participation. A screening process was

implemented to ensure that the participants had not been exposed to any language

that utilizes the consonant length distinction phonemically. Four of the participants

were monolingual English speakers; the remaining participants spoke, along with

their native language, one or multiple languages with varying degrees of profi-

ciency. These languages included French, German, Mandarin, Cantonese, Tagalog

and Spanish. None of the participants reported any hearing or speech impairments.

2.2.1.2 Training materials

A length continuum was created for each of the consonant /m n l tQ/ using nat-

urally produced tokens. The items were recorded by a 30 year old male Arabic

speaker from the Al-Ahsa region in Saudi Arabia. The recording was made in a

sound-attenuated booth at Alberta Phonetics Laboratory, using an Alesis ML9600

Masterlink CD recorder with a head-mounted microphone (Countryman E6). The

sampling rate was set at 44.1 kHz (16 bit, mono). The materials were presented as

a series of slides on a computer screen and each slide contained one word written

in Arabic. The words were in a CVCV structure and the target consonant occurred
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word-medially. The singleton and geminate consonants were orthographically dif-

ferentiated by the addition of a diacritic, referred to as shaddah (pronounced as /Sad-

dah/ and spelled in Arabic as < �
è

��
Y

�
� >). The shaddah, which is placed above the

consonant as in <
��

H>, is used to disambiguate words that are spelled identically but

have different meanings (e.g., <ÕÎ«> /Qalam/ "flag" vs. <Õ
�
Î«> /Qallam/ "he taught").

The training materials were recorded three times. In order to create a length

continuum for each consonant, the most naturally produced words, as determined

by a native Arabic speaker, from the recordings were chosen and segmented using

PRAAT (Boersma & Weenink, 2018). The criteria adopted in segmenting the target

sounds generally followed those of Turk, Nakai, and Sugahara (2006). In the case of

stop closure duration, the boundary was placed where the amplitude sharply drops

and the formants of the preceding vowel fully disappear. The offset of the stop

closure was marked by the presence of a burst release in the waveform (See Figure

2.1). For the duration of nasals, the boundaries were marked by the abrupt decline

in amplitude between the closure onset and release. For the lateral /l/, the change

in amplitude was also adopted in determining the boundaries of the closure. An

example of a segmented stimulus is shown in Figure 2.2.

Following the segmentation process, a PRAAT script was used to create a du-

ration continuum of eight equal steps differing by 15 ms for each consonant. The

endpoints of each continuum were set at 100 ms for a singleton and 205 ms for a

geminate. Items 1-4 were created form a naturally produced singleton, while items

5-8 were extracted from a naturally produced geminate. Filler items were recorded

using different short consonants. The tokens had the same structure as the target

materials and consisted of the following consonants /k f s d t S b g /. Finally, the

items were normalized for 78 dB amplitude.
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FIGURE 2.1: A waveform and spectrogram for the auditory form /PatQa/. The boundaries for the
pharyngealized stop were placed between the offset of preceding vowel (marked by the sharp

drop in amplitude) and the onset of the burst release.

FIGURE 2.2: A waveform and spectrogram for the auditory form /Pama/. The boundaries for
the nasal were placed according to the abrupt spectral changes relative to the preceding and the

following vowels.

2.2.1.3 Training phase

The participants were assigned to the following learning conditions: Unimodal and

Bimodal. In the Bimodal group, the participants were presented with tokens 2 and

7 four times more often than any token (see Figure 2.3), indicating that the language

they heard had a length contrast. Conversely, the subjects in the Unimodal group

heard tokens 4 and 5 four times more often than any token, illustrating that the lan-

guage they were exposed to did not use segmental length contrastively, as shown
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in Figure 2.3. Both groups were presented with the same filler tokens. The partic-

ipants went through four blocks of training; each block contained 64 target tokens

and 32 fillers, bringing the total number of items to 384. The participants controlled

the presentation of items in order to focus on the task. Each token played when a

button was pushed after a short delay of 1 second.

FIGURE 2.3: An illustration of the frequency of exposure to the duration continuum for the Uni-
modal and Bimodal groups.

The training was administered using E-Prime 2.0 (Psychology Software Tools,

2012). The participants were seated in front of a computer screen inside a sound

attenuated booth and were fitted with over-the-ear headphones (MB QUART QP-

805 HS). The materials were played in a random order and the training lasted for

approximately 10 minutes.

2.2.1.4 Testing phase

Following the training phase, all participants performed an AX discrimination task,

which was used to assess their perceptual phonological acquisition based on the

type of training they had received. The participants listened to a pair of auditory
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tokens separated by 700 ms inter-stimulus interval, and had to decide whether the

items they heard were the same or different. The pairs consisted of different com-

binations of tokens 1 and 8: (1-8, 8-1) for different pairs or (1-1, 8-8) for identical

pairs.The same training materials were used to test the learners’ performance on the

consonant length contrast. The participants also were tested on the fillers items that

consisted of identical pairs (e.g., /aka/ vs./aka/) and different pairs (e.g., /aka/ vs.

/aga/). The testing phase consisted of four blocks, and each block contained 64 ran-

domly presented trials. Half of the trials were target pairs and the other half were

fillers. The duration of the testing phase was approximately 15 minutes. Prior to the

training phase, the participants practiced the AX task for 5 minutes.

2.2.2 Data visualization and statistical analysis

The data in this dissertation were visualized using raincloud plots (Allen, Poggiali,

Whitaker, Marshall, & Kievit, 2018); a combination of traditional plots that conveys

the key statistical information in a transparent and informative way. The plot in-

cludes probability density; medians and means with confidence interval; and raw

data from each individual subject (see Figure 2.4).

The statistical analysis in this dissertation was conducted using mixed-effects lo-

gistic regression models (Baayen, Davidson, & Bates, 2008; Morrison, 2007), which

was performed in the R software (version 3.5.1) environment (R Core Team, 2016)

using thelme4 package version 1.1-17 (Bates, Mächler, Bolker, & Walker, 2015). Un-

like ANOVA, mixed-effects logistic regression models require no transformation of

the categorical dependent variable (see Jaeger (2008) for an explanation of the prob-

lems with using ANOVA for categorical data analysis). In addition, both categorical

and continuous independent variables can be analyzed in the same model, and par-

ticipants and items can be included as random effects.

The coefficients of the logistic regression models were converted to odds ratios
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to provide a more intuitive interpretation of the model output. Odds ratios com-

pare the odds that an event will happen under two different conditions. Odds are

the probability that an event will occur divided by the probability that the same

event will not occur. For instance, in an AX discrimination task the odds of accu-

racy is the proportion of correct responses divided by the proportion of incorrect

responses. The odds ratio compares the odds of accuracy for one group versus an-

other by dividing the two odds. If the odds ratio is greater than 1 then the exposure

is associated with higher odds of accuracy, and if the odds ratio is lower than 1 then

the exposure is associated with lower odds of accuracy. An odds ratio that equals 1

indicates no effect of the exposure on the odds of accuracy.

2.2.3 Results

The accuracy on filler items is presented in Figure 2.4 for both the Unimodal and

the Bimodal groups. Overall, both groups performed near ceiling on filler items,

particularly on identical pairs. On filler Different pairs, the participants in the Uni-

modal group were slightly less accurate than their cognates in the Bimodal group;

however, the difference was not statistically significant.

For target items, the proportion of correct responses on the consonant length con-

trast was calculated for each participant in both the Unimodal and Bimodal group

and then presented in Figure 2.5. On Same pairs, the performance of both groups

was similar; all participants achieved near-perfect accuracy scores. On Different

pairs, however, participants in the Unimodal and Bimodal groups had differential

success in perceiving length contrast. A closer inspection of the plots reveals that

the accuracy of the participants in the two groups varies greatly, with the majority

of the accuracy scores lower than 50%, particularly for the Bimodal group.

To examine whether statistical learning is associated with the accuracy of the per-

ception of the length contrast, the responses to the discrimination test on Different

pairs were modeled using mixed-effects logistic regression. The dependent variable
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FIGURE 2.4: A combined plot representing the accuracy of both the Unimodal and the Bimodal
groups on filler items. The plot contains probability distribution (split-half violin); box-plots and
line-plots visualizing the means with standard errors for each group. Data from each individual

are represented as points.

was the responses to the AX discrimination task on target Different pairs (Same vs.

Different). The fixed-effect factor was GROUP (Unimodal vs. Bimodal). SUBJECT

and ITEM served as random-effect factors. Of the 1472 trials, 26 none-responses

were eliminated from the model (1.8% of the data).

According to the model, GROUP was not significantly associated with the degree

of accuracy in the perception of the consonant length contrast. The performance

of the Bimodal group was not significantly different from the Unimodal group (β=

-1.18, SE= 0.95, p=0.21).

2.2.4 Discussion

The present experiment aimed to replicate the findings obtained in Pajak and Levy

(2011). The experimental design followed closely the statistical learning paradigm

implemented in Maye and Gerken (2000). The results of this experiment failed to

show any significant effects for statistical learning in the acquisition of the consonant

length contrast.

The unsuccessful replication of the learning effect observed in Pajak and Levy
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FIGURE 2.5: A combined plot representing the accuracy of both the Unimodal and the Bimodal
groups on target items. The plot contains probability distribution (split-half violin); box-plots and
line-plots visualizing the means with standard errors for each group. Data from each individual

are represented as points.

(2011) may be attributed to two methodological differences: Population size and

population sampling. The current experiment used a relatively smaller sample size

compared to the original study which was 48 participants. However, there were no

indications in the current data that the performances of the Unimodal and the Bi-

modal groups were in the same direction as the original study. On the contrary, the

summary statistics suggest that the accuracy of the Bimodal group was lower than

the Unimodal group. The other potential reason for this discrepancy was the popu-

lation sampling. The current study included both monolingual and bilingual native

English speakers; the participants in Pajak and Levy (2011) were only monolinguals.

A separate analysis conducted to compare the performances of monolinguals and

bilinguals also failed to detect any difference between the two groups of learners.

One possible reason why this experiment did not detect any evidence for learn-

ing on the basis of the distributional information was the level of processing in-

volved in the AX discrimination task. In general, a short ISI allows listeners to utilize

an auditory level of processing to make judgment about the stimuli they hear, while

a longer ISI forces listeners to rely on their established phonemic representations to

perceive any incoming stimuli (Werker & Logan, 1985). The following experiment
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addresses this issue.

2.3 Experiment Two

Previous studies have demonstrated that the length of the inter-stimulus interval

(ISI) in discrimination tasks may influence the perception of sound contrasts (Pisoni,

1973; Crowder, 1982; Werker & Tees, 1984b; Cowan & Morse, 1986; Van Hessen &

Schouten, 1992). Werker and Logan (1985) have provided evidence for the existence

of three modes of perception in discrimination tasks. In a series of experiments, they

have demonstrated that ISI length activates different levels of processing; a short ISI

(250 ms) enhances the perception of auditory differences, while a medium length ISI

(500 ms) facilitates access to phonetic differences. A longer ISI (1500 ms), however,

limits access to phonemic distinctions.

This line of research may explain the lack of difference between the Unimodal

and the Bimodal groups in their perception of the length contrast. Specifically, the

learners in the Unimodal group, who were predicted to perceive short and long

consonants as members of the same phonemic category, were equally sensitive to the

contrast. The relatively short ISI (700 ms) may have increased learners’ sensitivity

to the phonetic variants of their single phonemic category.

Therefore, extending the interval between stimuli may force learners to rely on

their phonemic representations in order to process the contrast. The argument put

forward states that as the interval between stimuli increases, the auditory memory

of the first stimulus fades very rapidly. This in turn forces listeners to recruit their

pre-established phonemic categories in order to categorize the first stimulus and

compare it with the second one.

This experiment implements the same design as the previous one, except for ISI

duration. It is predicted that with an increased ISI, learners in the Unimodal group

will perceive the length contrast as belonging to the same phonemic category, while

learners in the Bimodal group will exhibit more sensitivity to the contrast.
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2.3.1 Methods

2.3.1.1 Participants

Thirty two native English speakers with an average age of 20 (SD= 1.7, range= 18-23)

from the University of Alberta Department of Linguistics participants pool took part

in this experiment for course credit. The participants were comprised of 18 monolin-

guals and 14 bilinguals (other languages spoken included French, Mandarin, Span-

ish, Filipino, Ukrainian and Cantonese). None of the bilingual participants spoke a

language that has a phonemic consonant length contrast. None of the participants

reported hearing or speech impairments.

2.3.1.2 Training materials

The same training stimuli described in Section 2.2.1.2 were used for this experiment.

2.3.1.3 Training phase

The same training procedure was implemented in this experiment. The participants

were assigned to the same experimental groups; 16 for the Unimodal group and 16

for the Bimodal group.

2.3.1.4 Testing phase

The participants were tested on the same items described in Section 2.2.1.4. The only

difference was the ISI which was was set at 1300 ms, as opposed to the 700 ms used

in the previous experiment.

2.3.2 Results

The performance on filler items for each group is shown in Figure 2.6. The majority

of learners in both groups achieved near-perfect scores on same filler pairs, while
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the performance of both groups on different pairs exhibited some variability. No

significant differences between the two groups were found.

FIGURE 2.6: A combined plot representing the accuracy of both the Unimodal and the Bimodal
groups on filler items. The plot contains probability distribution (split-half violin); box-plots and
line-plots visualizing the means with standard errors for each group. Data from each individual

are represented as points.

Figure 2.7 displays the distributions of the accuracy scores for both the Unimodal

and the Bimodal groups on Same and Different target pairs. The accuracy of the two

groups on Same items was similar; the learners in both groups judged most of the

items to be the same. The performance on Different target pairs also shows a similar

pattern; both groups had accuracy scores that ranged from low to high as evident

from the spread of the distributions. However, a greater proportion of the accuracy

scores for the Bimodal group clusters around the lower end of the distribution.
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FIGURE 2.7: A combined plot representing the accuracy of both the Unimodal and the Bimodal
groups on target items. The plot contains probability distribution (split-half violin); box-plots and
line-plots visualizing the means with standard errors for each group. Data from each individual

are represented as points.

A mixed-effects logistic regression analysis was conducted to determine whether

statistical learning had any effect on the perception of the consonant length contrast.

The dependent variable was the responses to the AX task on Different target pairs

(Same vs. Different). The independent variable was GROUP (Unimodal vs. Bi-

modal). SUBJECT and ITEM served as random factors. Trials with responses were

removed from the model (26 out of 1856). The results of the model did not reveal

any significant relationship between statistical learning and the accuracy on the dis-

crimination task (β= -0.39 , SE= 0.86, p=0.65).

2.3.3 Discussion

This experiment sought to test learners’ sensitivity to the length contrast with a

longer ISI after receiving either a unimodal or bimodal distribution of multiple

length continua. It was predicted that with an increased ISI learners would recruit

a higher level of processing. In particular, the Unimodal group was expected to

perceive the endpoints of the length continuum as phonetic variants of the same

phonemic category and, thus, show significantly less sensitivity to the contrast.
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The findings of this experiment did not differ from the first one which showed

that both the Unimodal and the Bimodal groups performed similarly on the discrim-

ination of consonant length contrast. The distributional properties of the auditory

input had no significant effect on the learning outcome despite lengthening the ISI

to elicit phonemic processing.

This persistent lack of effect in both experiments shifts the attention to another

possibility: The durational difference between short and long consonants in the pre-

vious two experiments may have been too difficult for learners to perceive and sub-

sequently acquire. The following experiment aims to alleviate this difficulty by al-

tering the experimental design in order to improve learning.

2.4 Experiment Three

The prior two experiments failed to provide evidence that learners could acquire

sound segments by tracking their distributional properties. A possible cause of fail-

ure is the length ratio used in the training and the testing materials. In these ex-

periments learners were trained on length continua that ranged from 100 ms to 210

ms. Data from several studies suggest that naive English listeners, and to a lesser

extent learners of languages that employ durational contrast phonemically, expe-

rience perceptual difficulties when processing length contrast (Hayes-Harb, 2005;

Tajima et al., 2008; Motohashi-Saigo and Hardison, 2009; Hisagi and Strange, 2011;

Tsukada, Cox, and Hajek, 2014; Okuno, 2013; Porretta and Tucker, 2015).

In Hayes-Harb (2005), monolingual English listeners were asked to identify whether

the token they heard contained a geminate or a singleton consonant. The tokens

were extracted from length continua with endpoints at 70 ms and 310 ms. In the

identification task, naive English listeners’ perception of the length contrast was

continuous in nature, in contrast to the categorical perception observed by native

Japanese listeners and to a lesser extent by relatively experienced English learners

of Japanese. A /kk/ with a closure duration of 250 ms was identified as a geminate
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around 50% of the time by naive English listeners, 80% by experienced English-

speaking learners of Japanese and 100% of the time by Japanese listeners.

In addition, Porretta and Tucker (2015) tested naive English listeners’ ability to

discriminate Finnish non-words containing long and short consonants. Half the

participants were instructed on how the duration of the consonant is manipulated

phonemically in Finnish. A length continuum consisting of 10 equal steps was cre-

ated for the word medial consonant in each word. The results of the AX discrimina-

tion task showed that while the accuracy of native Finnish control in discriminating

singleton/geminate consonants with a ratio of 2.5 was above 80%, naive English

listeners’ accuracy was around 20%. Crucially, the participants who received in-

struction about the contrast in Finnish judged the singleton/geminate consonants

to be different at an accuracy of around 60%, significantly higher than participants

who received no such instruction.

Following these studies and the results of the previous experiments, the current

experiment aims to provide training and testing materials that are neither too dif-

ficult to learn nor too easy to perceive. Therefore, the ratio between the endpoints

of the length continua has been expanded from 1:2 to approximately 1:3 (details are

provided in the Methods section). Further, to gain a better understanding of the

role of distributional learning in the acquisition of length contrast, it is important to

determine first the baseline performance of naive English listeners. This way the ef-

fects of training can be assessed by comparing the performance of learners who are

exposed to either a unimodal or bimodal distribution to the performance of those

who have not received any training.

Finally, in order to evaluate the robustness of distributional learning, the current

experiment probes learners’ ability to generalize learning to novel segments that

share the same contrasting property. To this end, learners in this experiment are

additionally tested on untrained singleton vs. geminate contrasts.

To sum up, this experiment attempts to answer the following questions: (I) How

well can monolingual English listeners perceive the consonant length contrast, (II)
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do the enhanced length continua help learners track the distributional properties of

the input and acquire sound segments accordingly, and finally, (III) are learners able

generalize learning to other consonants that share the same phonological feature?

2.4.1 Methods

2.4.1.1 Participants

Participants in this experiment were 81 monolingual English speakers with no L2 ex-

perience beyond high school French. Seventy-five participants were recruited from

the University of Alberta Department of Linguistics participant pool and received

course credit, while the remaining participants (six) were recruited from the Edmon-

ton community and were paid $10 for their participation. The participants were 28

male and 53 female speakers and had a mean age of 21 (SD= 5.4, range= 18-37).

None had reported any hearing or speech impairments. The participants were ran-

domly assigned to three groups; Control, Unimodal and Bimodal.

2.4.1.2 Training materials

The training stimuli used in the current experiment were recorded by the same Ara-

bic speaker in Experiment One. However, instead of 4 length continua, the partic-

ipants in this experiment were only trained on two created from non-words that

contained either /m/ or /n/. These two continua were extracted from naturally pro-

duced singleton consonants in a CVCV structure, where the target consonant was

embedded between two vowels. Crucially, each continuum consisted of 10 equal

steps differing by 20 ms with the endpoints set at 80 ms for a singleton and 260 ms

for a geminate. The singleton to geminate ratio was approximately 1:3.2.

Unlike in the previous two experiments, the filler items in the current experi-

ment were carefully selected to match the complexity and the difficulty of the target

items. This approach made it less likely that the participants were aware of the main
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purpose of the experiment. In both of the previous experiments, the filler items in-

cluded mostly consonants that exist in the learners’ L1 phonemic inventory. Here,

the filler items consisted of largely Arabic consonants that do not have equivalents

in English. The learners were exposed to the pharyngealized consonants /tQ sQ DQ/,

the voiceless uvular stop /q/, the voiceless uvular fricative /X/ and the voiced uvu-

lar fricative /K/. The filler items were in the same structure CVCV. Both the target

and the filler items were normalized for amplitude at 78 dB.

2.4.1.3 Training phase

Forty of the participants in this experiment were randomly assigned to two learning

conditions; Unimodal and Bimodal (20 participants per group). Prior to commenc-

ing the training phase, the participants were told they would hear multiple words

in an unidentified language and their task was to listen carefully to these words in

order to learn them. Additionally, a practice test of the AX discrimination task was

administered before the training phase. On completion of the practice test, which

lasted for 5 minutes, the exposure phase started. For the Unimodal group (see Fig-

ure 2.8), items on the middle of the length continua (5 and 6) were heard four times

more than items near the endpoints of each continuum (2 and 9). This type of ex-

posure favored learning a single category. On the other hand, the Bimodal group

was presented with items near the endpoints of the continua (2 and 9) four times

more than items on the middle of each continuum (5 and 6), which in turn favored

learning two categories that differed in duration. Critically, as can be seen in Figure

2.8, the frequency of exposure to items 1 and 10 was the same for both groups.

The participants went through 4 blocks of training. In each block, participants

heard a total of 100 tokens (72 targets and 28 fillers), bringing the number of items

to 400. The items were presented in a random order and the training lasted for ap-

proximately 12 minutes. The training was conducted in soundproof booths where

participants sat in front of a computer screen and fitted with over-ear headphones
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(MB QUART QP-805 HS). The experiment was presented using E-Prime 2.0 (Psy-

chology Software Tools, 2012).

FIGURE 2.8: An illustration of the frequency of exposure to the duration continuum for the Uni-
modal and Bimodal groups.

2.4.1.4 Testing phase

Once the training phase was completed, each participant performed an AX discrim-

ination task. The testing phase consisted of three blocks: Trained, Untrained and

Untrained Natural. In the Trained block, the participants were tested on their per-

ception of the same tokens heard in training, namely pairs from the endpoints of

the /m/ and /n/ continua. The second block examined the participants’ ability to

generalize learning to untrained pairs extracted from length continua similar to the

trained items. The consonants used in the Untrained block were the lateral approx-

imant /l/ and the voiceless alveolar fricative /s/. The third testing block exam-

ined the participants’ ability to generalize learning to untrained naturally produced

length contrasts, which included the alveolar stop /t/ and the voiced alveolar frica-

tive /z/ (See Table 2.1).
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There were 64 trials in each block; 32 target pairs and 32 filler pairs. For tar-

get pairs, combinations of items 1 and 10 from each continuum were presented in

the Trained and Untrained blocks (1-10, 10-1, 1-1, 10-10). In the Untrained Natural

block, the participants were presented with pairs that consisted of short-long, long-

short, short-short and long-long consonants. There were 16 same and 16 different

target pairs in each block.

The filler pairs were composed of the same items used in training. The partic-

ipants were tested on contrasts that differed either in voicing, place or manner of

articulation. These included nonnative Arabic pairs such as the velar/uvular and

the pharyngealized/plain contrasts. Similar to Experiment Two, the ISI was set at

1300 ms and the duration between each trial was 3 seconds. Participants in the

Control group performed the same task but without any prior training. The testing

phase lasted for approximately 5 minutes.

TABLE 2.1: A summary table of the testing blocks for target different pairs and their durations

Testing Block Singleton Geminate

Trained
/ama/ (80 ms)
/ana/ (80 ms)

/amma/ (260 ms)
/anna/ (260 ms)

Untrained
/ala/ (80 ms)
/asa/ (80 ms)

/alla/ (260 ms)
/assa/ (260 ms)

Untrained Natural
/ata/ (108 ms)
/aza/ (82 ms)

/atta/ (272 ms)
/azza/ (187 ms)

2.4.2 Results

The performance of each group on filler items is shown in Figure 2.9. Overall, all

groups performed similarly on filler items. The accuracy scores were not at ceiling

since some of the fillers were composed of nonnative contrasts that were difficult for

participants to rapidly learn with limited exposure. No significant differences were

found between the three groups on filler items.
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FIGURE 2.9: A combined plot representing the accuracy of the Control, Unimodal and the Bi-
modal groups on filler items. The plot contains probability distribution (split-half violin); box-
plots and line-plots visualizing the means with standard errors for each group. Data from each

individual are represented as points.

For target items, the proportions of correct responses on Same and Different pairs

were calculated for each participant and then plotted in Figure 2.10. As shown in

the figure, all groups had almost identical accuracy scores on Same target pairs.

Of greater interest is the performance on Different target pairs. First, the accuracy

scores on the length contrast for the Control group seem to display a bimodal dis-

tribution, with the majority of the participants (approximately 61%) scoring below

chance. In comparison, although the accuracy scores for Unimodal and Bimodal

groups exhibit variability, the majority of the learners in both groups achieved accu-

racy percentages above chance, with 35% of the learners in the Unimodal group and

only 15% in the Bimodal group having accuracy scores below chance. In terms of

means, it is apparent that both the Unimodal and Bimodal groups had higher mean

accuracy values (M= 0.67, SD= 0.47 and M= 0.75, SD= 0.43, respectively) than the

Control group (M= 0.48, SD= 0.50).
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FIGURE 2.10: A combined plot representing the accuracy of the Control, the Unimodal and Bi-
modal groups on target items. The plot contains probability distribution (split-half violin); box-
plots and line-plots visualizing the means with standard errors for each group. Data from each

individual are represented as points.

To examine whether statistical learning influences the perception of consonant

length contrast, the accuracy on Different target pairs was analyzed by fitting two

separate mixed-effects logistic regression models. The first model was conducted to

compare the performance of the two experimental groups (Unimodal and Bimodal)

to the Control group. The dependent variable was the response to the AX discrim-

ination task on Different target pairs (Same vs. Different) and the fixed predictors

were GROUP (Control vs. Unimodal and Bimodal) and TEST TYPE (Trained vs. Un-

trained and Untrained Natural), with SUBJECT and ITEM as random intercepts and

by-subject random slope for TEST TYPE. A summary of the model is presented in

Table 2.2.

According to the model, although the Unimodal group had an increased odds

ratio (OR 3.77, 95% CI: 0.92-15.46) of perceiving length contrast as ’Different’ com-

pared to the Control group, the difference was not significant. However, the differ-

ence between the Bimodal group and the Control group was significant. The odds of

learners in the Bimodal group responding ’Different’ to the AX task were 5.2 times

that of the Control group (95% CI: 1.20-22.31). As for TEST TYPE, the performance
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TABLE 2.2: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy of participants on target different items. The reference level for GROUP is

Control, and for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 0.152 0.621 0.246 0.806
Unimodal 1.328 0.720 1.845 0.065
Bimodal 1.649 0.743 2.220 0.026
Untrained -0.208 0.609 -0.341 0.733
Untrained Natural 0.070 0.621 0.112 0.911

on the Untrained and Untrained Natural pairs was not significantly different from

the Trained pairs. The predicted probabilities obtained from the model are shown

in Figure 2.11.

FIGURE 2.11: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast. The probabilities are presented

with 95% confidence interval.

Having established that the Bimodal group was significantly better at perceiving

the length contrast than the Control group, it remains unclear whether their accu-

racy was significantly higher than the Unimodal group. For this purpose, a second

logistic mixed effects model was constructed to determine if the distributional in-

formation was associated with the performance on the length contrast. The fixed
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predictors were GROUP (Unimodal vs Bimodal) and TEST TYPE (Trained vs Un-

trained and Untrained Natural). SUBJECT and ITEM served as random effects, with

by-subject slope for TEST TYPE. Table 2.3 summarizes the model.

TABLE 2.3: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy of participants on target different items. The reference level for GROUP is

Unimodal, and for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.149 0.731 2.941 0.003
Bimodal 0.166 0.740 0.225 0.822
Untrained -0.583 0.605 -0.964 0.335
Untrained Natural -0.734 0.611 -1.201 0.230

The result of the analysis yielded no significant relationship between the type of

distribution learners were exposed to and the accuracy scores on the AX discrimi-

nation task. Although the odds for the learners in the the Bimodal group to perceive

the length contrast as ’Different’ was 1.2 times that of the Unimodal group (95%

CI: 0.28-5.04), the difference was not significant. Further, the difference in accuracy

between Trained, Untrained and Untrained Natural pairs was not significant for

learners in both groups, indicating that learners were able to generalize the newly

acquired knowledge to novel segmental length contrasts.

2.4.3 Discussion

This modified experiment set out with the aim of assessing the effects of distribu-

tional learning on the acquisition of sounds categories from enhanced training stim-

uli. To this end, two length continua ranging from 80 ms to 260 ms were created

to train monolingual English speakers on the nonnative length contrast. Follow-up

AX discrimination task was administered to test learners’ perceptual sensitivity to

the trained stimuli as well as to novel segmental length contrasts. In addition, naive

English listeners were tested on their perception of the length contrast in order to

offer a better measurement of the impact of distributional learning on phonological

acquisition.
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With respect to the first research question, the findings of current experiment

suggest that naive English listeners have differential ability in perceiving the single-

ton/geminate contrast. Although some listeners were able to perceive the contrast

with high accuracy, the majority of naive English listeners displayed chance level

discrimination. The same pattern of perception has been found in both manipu-

lated and naturally produced consonant length contrasts.

The central question of this experiment pertains to the impact of the enhanced

length continua on learners’ ability to acquire the relevant sound categories com-

pared to the Control group. The results showed that unlike the Unimodal group,

learners who were exposed to a Bimodal distribution had a significantly higher sen-

sitivity to the contrast than the Control group. The experiment, however, failed to

obtain a significant difference between the Unimodal and the Bimodal groups in

their discrimination of the length contrast. The performance of the Unimodal group

was neither statistically better than the Control group, nor was it significantly worse

than the Bimodal group. This pattern of discrimination has been also attested in

novel segmental contrasts that varied in durational differences. Both the Unimodal

and the Bimodal groups seem to generalize learning to the untrained synthetic and

natural stimuli.

This lack of difference in performance between the Unimodal and Bimodal groups

is contrary to previous studies which have suggested that adult learners can acquire

non-native sound categories by tracking their distributions in the input (Maye and

Gerken, 2000, 2001; Gulian, Escudero, and Boersma, 2007; Hayes-Harb, 2007; Per-

fors and Dunbar, 2010; Pajak and Levy, 2011; Ong et al., 2017). In these studies,

learners who were exposed to a unimodal distribution showed either a significantly

worse discrimination than learners trained on a bimodal distribution or no differ-

ence between their pre-training and post-training discrimination scores.

Other studies reported improvements in discriminating nonnative contrasts by

comparing pretest and posttest scores of participants who were trained on a bi-

modal distribution and a control group who only had music exposure (Wanrooij and
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Boersma, 2013; Escudero and Williams, 2014). In some studies, significant improve-

ments in discrimination were only found when learners were trained on bimodal

distribution with exaggerated stimuli (Escudero, Benders, and Wanrooij, 2011; Wan-

rooij, Escudero, and Raijmakers, 2013).

Perhaps the most comparable findings come from a study that trained Mandarin

listeners on the nonnative Thai lexical tones (Ong, Burnham, and Escudero, 2015).

In their experiment, 36 Mandarin participants were assigned to either a unimodal

or a bimodal training and their pretest and posttest discrimination scores were com-

pared. The results showed that only the bimodal group experienced significant im-

provement in discrimination over their pretest scores. However, the posttest scores

of the unimodal and the bimodal groups were not significantly different. Likewise,

the current study found that while the performance of the Unimodal and Bimodal

groups were not statistically different, only the Bimodal group showed significantly

better sensitivity to the length contrast than the Control group.

Still, the indistinguishable performances of the Unimodal and the Bimodal groups

question the effectiveness of distributional learning in this experiment. Some re-

searchers attributed such findings to the degree of attention sustained by learners

during training (Terry, Ong, & Escudero, 2015). To examine this, Ong et al. (2015) as-

signed Australian English learners of lexical tones to a unimodal or bimodal group

with or without a cover ask. The cover task entailed indicating on a response sheet

the sequence in which randomly interspersed beeping sounds occurred during the

training phase. Their results showed that only when learners performed the cover

task to maintain attention during the exposure phase the bimodal group exhibited

significantly superior sensitivity to the contrast than the unimodal group. While

this may be true for learning lexical tones, maintaining attention during distribu-

tional training seems to be ineffective for Australian English learners of the nonna-

tive Dutch /A/-/a:/ vowel contrast (Ong, Terry, & Escudero, 2016).

In sum, the results of this experiment and the reported studies on distributional

learning highlight the complex nature of this learning mechanism. Indeed, many
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factors including the target contrast, attentional listening and learners’ L1 can influ-

ence the robustness of implicit learning. The next step is to examine whether expos-

ing learners to orthographic information can impact the detection of the underlying

distributional properties of the input.

2.5 Conclusion

The present chapter aimed to establish whether naive English listeners could ac-

quire length contrasts implicitly by tracking their distributional properties. Three

experiments were conducted. Experiment One attempted to reproduce the findings

in Pajak and Levy (2011) without success. Experiment Two conducted the same ex-

periment but with an increased ISI in order to elicit phonemic processing. Again,

learners who had either unimodal or bimodal exposure displayed similar sensitiv-

ity to the segmental length contrast. Experiment Three hypothesized that the failure

of the previous two experiments to induce distributional learning was possibly due

to the difficulty of the learned contrast. Thus, an expanded length continua were

used to train participants distributionally. Although learners in the Bimodal group

were significantly more likely to perceive the length contrast as different compared

to the Control group, their performance was comparable to that of of the Unimodal

group. All in all, these findings offer the perfect conditions to examine how the

orthographic input interacts with the seemingly unstable nature of distributional

learning in adults phonological acquisition. Chapter 3 presents two experiments

that investigate the effects of orthographic compatibility and familiarity in the dis-

tributional learning of the consonant length contrast.
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Chapter 3

Orthographic input and distributional

learning

3.1 Introduction

The previous chapter investigated the role of distributional learning in the acquisi-

tion of nonnative speech sounds. Three experiments were conducted to test whether

the exposure to unimodal or bimodal distributions of length continua could help

learners uncover and subsequently acquire the underlying structure of the input.

Experiments 1 and 2 did not show any effect for distributional learning; learners

who were exposed to the bimodal distribution failed to perceive the contrast more

accurately than learners who had the unimodal exposure. Experiment Three re-

vealed that learners who were exposed to the bimodal distribution had a signifi-

cantly higher sensitivity to the length contrast than listeners who had no prior ex-

posure. The results yielded no significant difference between the performance of

the Unimodal and Bimodal groups. Overall, the findings of these experiments have

failed to provide conclusive evidence that distributional exposure induces category

formation for the consonant length distinction.

In light of these findings, the present chapter examines how access to ortho-

graphic information interacts with the distributional learning of consonant length

contrast. Two experiments were designed to answer the following questions:
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1. Does the exposure to written input facilitate the distributional learning of the

consonant length contrast?

2. If the auditory and orthographic stimuli convey conflicting information, will

learners rely on orthography to learn the length contrast?

3. Will similar patterns emerge if learners are exposed to unfamiliar orthogra-

phy?

3.2 Experiment One

The purpose of this experiment was to examine whether the exposure to a famil-

iar orthography—one that shares learners’ native orthographic system—enhances

or hinders the perceptual learning of the consonant length contrast. To this end,

the following four experimental groups were designed: Unimodal Same Roman

Spelling (USRS), Bimodal Distinct Roman Spelling (BDRS), Unimodal Distinct Ro-

man Spelling (UDRS) and Bimodal Same Roman Spelling (BSRS). The main differ-

ence between these groups was whether the orthographic cues were compatible or

incompatible with the distributional information. Orthographic compatibility was

determined by whether the orthographic information supported or contradicted

the auditory distribution. For example, in a unimodal distribution with compati-

ble orthography, the auditory forms of each continuum had the same spellings (e.g.,

<ama>); while in a bimodal distribution the spellings of the auditory forms reflected

the existence of a length contrast represented by two orthographic graphemes (e.g.,

<ama> versus <amma>). Conversely, in groups where the orthographic cues contra-

dicted the distributional information, the auditory forms had distinct spellings (two

different orthographic representations) in a unimodal distribution and the same

spellings in a bimodal distribution.

It was predicted that learners who were exposed to a unimodal distribution

paired with compatible Roman orthography would learn to perceive short and long
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consonants as variants of the same category, while learners who were trained on a

bimodal distribution along with compatible orthography would learn to perceive

short and long consonants as two distinct categories. Conversely, incompatible or-

thography was expected to lead learners trained on a unimodal distribution to per-

ceive the length contrast more accurately than learners trained with unimodal expo-

sure only, whereas pairing a bimodal distribution with incompatible orthographic

input was predicted to interfere with the perception of the length contrast compared

to bimodal training only.

3.2.1 Methods

3.2.1.1 Participants

The participants were 80 monolingual English speakers, 78 of whom were recruited

from the University of Alberta Department of Linguistics participant pool and re-

ceived course credit. Two of the participants were recruited from the University

of Alberta community and were paid $10 for taking part in the study. The mean

age of the participants was 20.6 (SD= 4.2, range= 18-43), with 57 female and 23

male speakers. None of the participants reported a significant exposure to other

languages beyond high school French.

3.2.1.2 Training materials

The auditory training stimuli used in this experiment were the same as in Experi-

ment 3 in Chapter 2. Two length continua of 10 equal steps created from /m/ and

/n/ were used to train participants on the consonant length contrast. The ortho-

graphic stimuli were presented using Roman script (more details are provided in

the following section). The filler items of consonants that do not have an equiva-

lent in English were romanized using the ALA-LC (American Library Association-
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Library of Congress) romanization standards for Arabic. For instance, the pharyn-

gealized alveolar stop /tQ/ was written as <t
˙
>. A list of these auditory stimuli and

their written representations is provided in Table 3.1.

TABLE 3.1: A list of the nonnative auditory stimuli and their Romanized written representations.

Auditory Stimuli Written Stimuli Auditory Stimuli Written Stimuli
/atQa/ at

˙
a /asQa/ as

˙
a

/aDQa/ ad
˙
a /aKa/ agha

/aqa/ aqa /aXa/ akha

3.2.1.3 Training phase

Half of the participants were assigned to two groups (20 participants per group)

in which the orthographic input supported the distributional information. For the

Unimodal Same Roman Spelling (USRS) group, the participants were exposed to

a unimodal distribution of two length continua, in which tokens in the middle of

the continuum were repeated four times more than any token in the distribution.

Simultaneously, each token was paired with an orthographic representation where

the target consonant was spelled with a single letter. For the Bimodal Distinct Ro-

man Spelling group (BDRS), learners heard tokens around the endpoints of each

continuum (2 and 9) more than any tokens in the distribution. The target consonant

in tokens 1 to 5 was spelled with a single letter, while tokens 6 to 10 were shown

with double letters (e.g., /ama/ with a consonant duration of 100 ms was spelled as

<ama>, while consonant duration of 200 ms was spelled as <amma>). An illustra-

tion of the training design for these two compatible groups is given in Figure 3.1.
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FIGURE 3.1: An illustration of the compatible orthographic pairing with the unimodal and bi-
modal distributions of the /ama/ duration continuum. All the auditory tokens in the unimodal
distribution were presented with the same spellings <ama>; however, in the bimodal distribution,
the first 5 tokens were spelled as <ama>, while the remaining tokens were spelled as <amma>.

Conversely, the other learners were assigned to two experimental groups in which

the auditory and the orthographic stimuli conveyed conflicting information. For the

Unimodal Distinct Roman Spelling group (UDRS), while learners were exposed to

the unimodal distribution that favored learning a single category, the target conso-

nants in tokens 1 to 5 were spelled with a single letter, whereas the consonants in

tokens 6 to 10 were shown with double letters. Likewise, the auditory stimuli for

the Bimodal Same Roman Spelling group (BSRS) were paired with incompatible or-

thographic labels. Learners in this group heard items 2 and 9 more frequently than

any token, while simultaneously saw their written representations in which the tar-

get consonant spelled with a single letter (see Figure 3.2). Table 3.2 summarizes the

auditory and orthographic stimuli provided to each group in this experiment.
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FIGURE 3.2: An illustration of the incompatible orthographic pairing with the unimodal and
bimodal distributions of the /ama/ duration continuum. In the unimodal distribution, the first
5 tokens were spelled as <ama>, while the remaining tokens were spelled as <amma>. All the

auditory tokens in the bimodal distribution were presented with the same spellings <ama>.

All groups were presented with the same filler items (see Section (2.4.1.2) of the

previous chapter for more details) and their orthographic representations. Partici-

pants went through 4 blocks of training, with each block containing 72 target tokens

and 28 fillers, bringing the total number of items to 400 (an example of a trial is

shown in Figure 3.3). The training was conducted in a sound attenuated booth at the

Alberta Phonetics Laboratory. The participants were seated in front of a computer

screen and were fitted with over-the-ear headphones (MB QUART QP-805 HS). The

materials were played in a random order and the training lasted for approximately

12 minutes. The training was administered using E-Prime 2.0 (Psychology Software

Tools, 2012).
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TABLE 3.2: A summary table of the learning groups examined in this experiment.

Group Distribution Orthographic stimuli

Control None None

Unimodal Unimodal None

Bimodal Bimodal None

USRS Unimodal Same Roman spelling (compatible)

BDRS Bimodal Distinct Roman spelling (compatible)

UDRS Unimodal Distinct Roman spelling (incompatible)

BSRS Bimodal Same Roman spelling (incompatible)

FIGURE 3.3: An example of a trial presented to the participants during the learning phase. Par-
ticipants heard an auditory token from the /ana/ length continuum and simultaneously saw its

spelling.

3.2.1.4 Testing phase

This experiment replicated the testing procedures and materials described in Exper-

iment Three from the previous chapter (see Section 2.4.1.4). Following the training

phase, all participants performed three blocks of testing. In the first block, partici-

pants were tested on the items they heard during training, while in the second block

the testing materials were extracted from the consonant length continua. In these

blocks, participants listened to pairs of tokens and had to decide whether the items

they heard were the same or different. The pairs consisted of different combinations

of items 1 and 10: (1-10, 10-1) for different pairs or (1-1, 10-10) for identical pairs.
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In the third block, participants listened to pairs of naturally produced singleton and

geminate consonants. The purpose of these additional testing blocks was to examine

whether learners were able to generalize what they learned to different nonnative

contrasts that share the same length feature (see Table 2.1 for more details). Further,

participants were tested on the fillers items. Each block contained 64 pairs, 32 tar-

get items and 32 fillers. The inter-stimulus interval was set at 1300 milliseconds in

order to elicit phonological processing instead of a phonetic or auditory processing

(Werker & Logan, 1985). A practice test was conducted prior to the training phase.

3.2.2 Results

The accuracy scores of the four learning groups on the length contrast are presented

in Figure 3.4 (responses to filler items and Target Same pairs are not shown1). All

four groups exhibited performances that were heavily influenced by the type of

orthography that was paired with each distribution. For groups with compatible

orthography, the mean proportion of correct responses for learners exposed to the

unimodal distribution paired with the same Roman spelling (USRS) (M= 0.31, SD=

0.46) was lower than learners who had the bimodal distribution with distinct Roman

spellings (BDRS) (M= 0.89, SD= 0.31). Conversely, the mean proportion of correct

responses for learners who were exposed to the unimodal distribution paired with

distinct Roman spellings (UDRS) was higher (M= 0.87, SD= 0.34) than those who

heard the bimodal distribution that was paired with the same spelling (BSRS) (M=

0.42, SD= 0.49).

Interestingly, while the accuracy scores of the Bimodal (BDRS) and Unimodal

(UDRS) Distinct Roman Spelling groups were notably similar, the discrimination

scores for learners who received the same orthographic input, i.e. the spellings in-

dicated no length distinction, displayed more variation, particularly those in the

Bimodal Same Roman Spelling (BSRS).

1No significant differences were found between the four groups on these items.
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FIGURE 3.4: A combined plot representing the accuracy of the USRS (Unimodal Same Roman
Spelling), BDRS (Bimodal Distinct Roman Spelling), UDRS (Unimodal Distinct Roman Spelling)
and BSRS (Bimodal Same Roman Spelling) groups on Different pairs. The plot contains proba-
bility distributions (split-half violin); box-plots and means with standard errors for each group.

Data from each individual are represented as points.

To assess the relationship between distributional learning and orthographic in-

formation in the perception of length contrast, multiple logistic regression models

were fitted. The dependent variable in these models was the response to the AX

discrimination task (Same vs. Different). The independent variables of interest were

GROUP, a between-subject fixed effect, and TEST TYPE, a within-subject fixed ef-

fect. SUBJECT and ITEM served as random effects. By-subject random slopes were

considered for TEST TYPE and always resulted in a better model fit. Adding by-

item random slopes for GROUP did not improve the models. The result section is

organized as follows. Section 3.2.2.1 analyzed data from the compatible orthogra-

phy groups, where multiple logistic regression models were fitted to compare the

accuracy scores of learners in the compatible orthography groups to those in the

Control, Unimodal and Bimodal groups. Section 3.2.2.2 replicated the same analy-

ses with data from the incompatible orthography groups. Finally, 3.2.2.3 presented
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two separate models that compared the accuracy scores of learners in the compatible

and incompatible orthography groups. The justification for each model is provided

below.

3.2.2.1 Compatible distributional and orthographic information

In this section, three models were fitted. The first model compared the accuracy

scores of learners in the two compatible orthography groups (Unimodal Same Ro-

man Spelling and Bimodal Distinct Roman Spelling) to those who received no train-

ing (Control); the second model compared the accuracy scores of learners who were

exposed to the unimodal distribution paired with the same Roman spelling (USRS)

to learners who received the unimodal training only (Unimodal); and finally, the

third model compared the accuracy scores of learners who had the bimodal training

with distinct Roman spelling (BDRS) to those who had the bimodal training only

(Bimodal). A detailed explanation for each model is provided below.

The purpose of the first model was to examine whether the additional expo-

sure to compatible Roman spellings had an effect on the perception of the length

contrast in comparison to the Control group. The mixed-effects logistic regression

model contained GROUP (Control vs. Unimodal Same Roman Spelling and Bimodal

Distinct Roman Spelling), TEST TYPE (Trained vs. Untrained and Untrained Natu-

ral) and their interaction as fixed effects. Additionally, the model contained random

intercepts for SUBJECT and ITEM, with by-subject random slopes for TEST TYPE. The

model is summarized in Table 3.3.

As shown in the table, the results of the model reveal that learners who had the

unimodal exposure along with compatible orthography (USRS) were significantly

less likely to respond ’Different’ to the Trained stimuli compared to the Control

group. That is, the Control group had 7.44 times the odds of perceiving the length

contrast as different (95% CI: 1.18-47) compared to the USRS group. No signifi-

cant differences were found between the two groups on both Untrained and Un-

trained Natural pairs. Those who were exposed to the bimodal distribution paired
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TABLE 3.3: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy of participants on target different items. The reference level for GROUP is

’Control’, and the reference level for TEST TYPE is ’Trained’.

Estimate Std. Error z value Pr(>|z|)
Intercept -0.388 0.626 -0.619 0.536
USRS -2.033 0.889 -2.285 0.022
BDRS 5.076 0.958 5.297 0.000
Untrained 0.032 0.681 0.047 0.963
Untrained Natural 0.647 0.683 0.947 0.344
USRS:Untrained 0.769 0.747 1.030 0.303
BDRS:Untrained -1.070 0.867 -1.235 0.217
USRS:Untrained Natural 1.003 0.753 1.332 0.183
BDRS:Untrained Natural -2.682 0.849 -3.158 0.002

with compatible orthography (BDRS), on the contrary, were significantly more likely

to respond ’Different’ to the Trained pairs. In comparison to the Control group,

training learners with the bimodal distribution alongside distinct orthographic la-

bels significantly increased the odds of perceiving the length contrast as different

(OR=160.2, 95% CI: 24.48-1048). However, there was a significant interaction be-

tween GROUP and TEST TYPE. The degree by which the BDRS group performed

on the Trained pairs compared to the Control group significantly decreased when

perceiving the Untrained Natural stimuli. In that case, the odds ratio dropped to

10.97 but remained statistically significant (95% CI: 2.87-41.96). Figure 3.5 displays

the predicted probabilities for the model described above.
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FIGURE 3.5: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.3 . The probabilities are presented with 95% confidence

interval.

The results so far confirm that exposing native English listeners to auditory dis-

tributions alongside compatible orthographic labels significantly influences their

perception of the length contrast compared to those without prior exposure. Still,

it is unclear whether combining orthographic labels with auditory items had any

advantage over distributional exposure only. Thus, a second mixed-effects logistic

regression model investigated data from learners who were trained with a unimodal

distribution with or without compatible orthographic input. The model predictors

were GROUP (Unimodal vs. Unimodal Same Roman Spelling), TEST TYPE (Trained

vs. Untrained and Untrained Natural) and their interaction. The random predictors

were SUBJECT and ITEM, with by-subject random slopes for TEST TYPE. A summary

of the model is provided in Table 3.4.

The results indicate that training learners on the unimodal distribution along-

side compatible orthographic information significantly lowered the likelihood of

responding ’Different’ to the Trained stimuli compared to training learners with a

unimodal distribution only. The odds of discriminating the length contrast for the
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TABLE 3.4: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy for participants trained on the unimodal distribution with or without orthog-
raphy. The reference level for GROUP is ’Unimodal’, and the reference level for TEST TYPE is

’Trained’.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.247 0.943 2.382 0.017
USRS -4.765 1.255 -3.796 0.000
Untrained -1.069 0.791 -1.351 0.177
Untrained Natural -0.941 0.785 -1.199 0.230
USRS:Untrained 2.043 0.905 2.256 0.024
USRS:Untrained Natural 2.765 0.889 3.109 0.002

Unimodal group were 117.37 times higher than the USRS group (95% CI: 10.02-

1373). However, the model reveals a significant interaction between GROUP and

TEST TYPE. In comparison to their performances on the Trained stimuli, the differ-

ences in accuracy between the two groups were significantly reduced when perceiv-

ing the Untrained and the Untrained Natural stimuli. The odds ratio decreased to

15.22 (95% CI: 2.28-101.62) for the Untrained pairs, and to 7.39 (95% CI: 1.99-27.4)

for the Untrained Natural stimuli, while remaining statistically significant in both

cases. Figure 3.6 shows the predicted probabilities of the model.
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FIGURE 3.6: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.4. The probabilities are presented with 95% confidence

interval.

The third model investigated whether the exposure to the bimodal distribution

paired with compatible Roman orthography improved the discrimination of the

length contrast compared to training learners with the bimodal distribution only.

The model included response data from two groups of learners who either had the

bimodal training only or the bimodal training with distinct Roman spelling. The

fixed predictors were GROUP (Bimodal vs. Bimodal Distinct Roman Spelling), TEST

TYPE (Trained vs. Untrained and Untrained Natural) and their interaction. The ran-

dom predictors were SUBJECT and ITEM, with by-subject random slopes for TEST

TYPE. Table 3.5 summarizes the model.

The results reveal that training learners with the bimodal distribution paired

with compatible orthography significantly increased the likelihood of responding

’Different’ to the Trained stimuli compared to exposing learners to the bimodal dis-

tribution only. The odds of discriminating the length contrast for the Bimodal Dis-

tinct Roman Spelling (BDRS) group was 8 times greater than the Bimodal group

(95% CI: 1.67-38.43). No significant differences were found between the two groups
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TABLE 3.5: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy for participants trained on a bimodal distribution with or without orthography.

The reference level for GROUP is ’Bimodal’, and the reference level for TEST TYPE is ’Trained’.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.237 0.619 3.612 0.000
BDRS 2.080 0.800 2.599 0.009
Untrained -0.121 0.739 -0.164 0.870
Untrained Natural -0.554 0.739 -0.750 0.453
BDRS:Untrained -1.004 0.876 -1.146 0.252
BDRS:Untrained Natural -1.234 0.875 -1.411 0.158

on Untrained and Untrained Natural pairs. The predicted probabilities for the both

groups on the three testing blocks are shown in Figure 3.7.

FIGURE 3.7: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.5. The probabilities are presented with 95% confidence

interval.

3.2.2.2 Incompatible distributional and orthographic information

The previous section demonstrates that the exposure to compatible distributional

and orthographic information could support a single length category perception

when a single orthographic representation is paired with a unimodal distribution.

Likewise, when two distinct orthographic representations are paired with a bimodal
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distribution, a two category length distinction could be inferred. The present section

examines if the learning patterns differ when the orthographic input does not corre-

spond with the distributional information. To this end, three mixed-effects logistic

regression models were conducted. These analyses explored whether the conflict-

ing orthographic information would alter learners’ perception of the length contrast.

The first model was fitted to compare the accuracy scores of the Unimodal Distinct

Roman Spelling and Bimodal Same Roman Spelling groups to that of the Control

group. The fixed predictors were GROUP, TEST TYPE and their interaction. SUBJECT

and ITEM served as random effects, with by-subject random slopes for TEST TYPE.

Table 3.6 summarizes the model.
TABLE 3.6: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy for participants trained on either the unimodal or bimodal distribution paired
with mismatching orthography. The reference level for GROUP is ’Control’, and the reference

level for TEST TYPE is ’Trained’.

Estimate Std. Error z value Pr(>|z|)
(Intercept) -0.364 0.568 -0.642 0.521
UDRS 3.590 0.826 4.345 0.000
BSRS -0.544 0.820 -0.663 0.507
Untrained 0.045 0.543 0.082 0.934
Untrained Natural 0.617 0.553 1.117 0.264
UDRS:Untrained 0.302 0.581 0.520 0.603
BSRS:Untrained -0.268 0.564 -0.475 0.635
UDRS:Untrained Natural -1.524 0.592 -2.575 0.010
BSRS:Untrained Natural -0.009 0.579 -0.016 0.987

The results of the model indicate that learners in the Unimodal Distinct Roman

Spelling (UDRS) group were significantly more likely to respond ’Different’ to the

Trained stimuli than the Control group. The odds of perceiving the length con-

trast as different for learners trained on the unimodal distribution alongside distinct

orthographic labels was 36.23 times greater than the Control group (95% CI: 7.27-

182.97). The same pattern was observed when comparing the performance of the

two groups on Untrained stimuli. However, as evidenced by the the significant

interaction, the difference in accuracy between the Control and UDRS groups was

significantly lower on the Untrained Natural stimuli compared to Trained pairs. The
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odds ratio of discriminating the Untrained Natural pairs dropped to 7.89 (95% CI:

2.33-26.73), but still remained statistically significant. For learners trained with the

bimodal distribution alongside incompatible orthographic information (BSRS), no

significant difference was evident in their accuracy scores compared to the Control

group. The predicted probabilities obtained from the model are shown in Figure 3.8.

FIGURE 3.8: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.6. The probabilities are presented with 95% confidence

interval.

The second model compared the performance of learners who had the unimodal

training only to those who were trained on the unimodal distribution with incom-

patible orthographic exposure. The purpose of this analysis was to examine whether

combining the unimodal training with two distinct orthographic labels could signif-

icantly improve the perception of the length contrast in comparison to the unimodal

training only. The fixed predictors were GROUP (Unimodal vs. Unimodal Distinct

Roman Spelling) and TEST TYPE (Trained vs. Untrained and Untrained Natural).

The random effects were SUBJECT and ITEM, with by-subject slopes for TEST TYPE.

A summary of the model is provided in 3.7.
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TABLE 3.7: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy for participants trained on either the unimodal distribution only or the uni-
modal distribution with incompatible orthography. The reference level for GROUP is ’Unimodal’,

and the reference level for TEST TYPE is ’Trained’.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 1.710 0.617 2.772 0.006
UDRS 1.431 0.794 1.803 0.071
Untrained -0.587 0.529 -1.110 0.267
Untrained Natural -0.501 0.502 -0.997 0.319
UDRS:Untrained 0.733 0.605 1.213 0.225
UDRS:Untrained Natural -0.555 0.530 -1.046 0.295

The model reveals that both groups had similar accuracy scores on Trained and

Untrained Natural items. However, when setting the reference level for TEST TYPE

to Untrained, the difference between the two groups was statistically significant

(β= 2.16, SE= 0.83, p=0.009). The odds of discriminating the length contrast for the

UDRS group was 8.71 times that of the Unimodal group (95% CI: 1.72-44.18). Figure

3.9 illustrates this difference in performance between the two groups on the there

testing types.

FIGURE 3.9: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.7. The probabilities are presented with 95% confidence

interval.
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A similar analysis was conducted to examine whether learners who were ex-

posed to the bimodal distribution paired with the same spelling for each token (in-

compatible) perceived the length contrast less successfully than those who were

exposed to a bimodal distribution only. The fixed predictors of the model were

GROUP (Bimodal vs. Bimodal Same Roman Spelling) and TEST TYPE (Trained vs.

Untrained and Untrained Natural). The random effects were SUBJECT and ITEM,

with by-subject slopes for TEST TYPE. A summary of the model is provided in 3.8.

TABLE 3.8: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy for participants trained on either the bimodal distribution only or the bimodal
distribution with incompatible orthography. The reference level for GROUP is ’Bimodal’, and the

reference level for TEST TYPE is ’Trained’.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.418 0.810 2.985 0.003
BSRS -3.355 1.040 -3.227 0.001
Untrained -0.077 0.663 -0.117 0.907
Untrained Natural -0.844 0.680 -1.241 0.214
BSRS:Untrained -0.107 0.692 -0.155 0.877
BSRS:Untrained Natural 1.504 0.703 2.140 0.032

The result of the analysis indicates that the Bimodal Same Roman Spelling group

(BSRS) had significantly lower accuracy scores on Trained pairs compared to the

Bimodal group. The odds of perceiving the length contrast as different for the Bi-

modal group was 28.65 times greater than the BSRS group (95% CI: 3.73-219.79). The

model reveals, however, a significant interaction between GROUP and TEST TYPE.

On Untrained Natural stimuli, the difference between the two groups significantly

decreased compared to Trained pairs. The odds ratio dropped to 6.36 (95% CI: 1.56-

25.89), while remaining statistically significant. The predicted probabilities obtained

from the model are shown in Figure 3.10.
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FIGURE 3.10: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.8. The probabilities are presented with 95% confidence

interval.

In summary, the results so far demonstrate that exposing learners to either com-

patible or incompatible orthographic information influences their perception of the

length contrast. Both the Bimodal Distinct and Unimodal Distinct orthography

groups performed significantly better on the AX discrimination task than the Con-

trol, Unimodal and Bimodal groups. In the same way, the Unimodal Same and

Bimodal Same Roman spelling groups performed significantly worse than the Uni-

modal and Bimodal groups and similar to the Control group. The following section

explores whether the distributional information could still contribute to the learning

outcome in the presence of orthographic representations.

3.2.2.3 Compatible versus incompatible distributional and orthographic infor-

mation

Thus far, there is clear evidence that orthographic information — regardless of its

type — had an effect on the perceptual learning of the consonant length contrast.
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The purpose of the following analysis was to examine whether the type of distri-

bution could exert any influence on the discrimination scores. Two mixed-effects

logistic regression models were conducted. The first model compared the accuracy

scores of learners who either had the unimodal distribution paired with compat-

ible orthography or a bimodal distribution that was paired with incompatible or-

thographic labels. Both groups were exposed to the same orthographic stimuli; all

tokens on each continuum had the same spelling, but the auditory distribution was

different (unimodal vs. bimodal). The model fixed effects were GROUP (Unimodal

Same Roman Spelling vs. Bimodal Same Roman Spelling), TEST TYPE (Trained vs.

Untrained and Untrained Natural) and their interaction. The random effects were

SUBJECT and ITEM, with by-subject slopes for TEST TYPE. Table 3.9 summarizes the

results of the model.

TABLE 3.9: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy for participants trained on either a unimodal distribution with compatible or
a bimodal distribution with incompatible orthography. The reference level for GROUP is ’USRS’

(Unimodal Same Roman Spelling), and the reference level for TEST TYPE is ’Trained’.

Estimate Std. Error z value Pr(>|z|)
(Intercept) -2.548 0.943 -2.704 0.007
BSRS 1.489 1.210 1.231 0.218
Untrained 0.828 0.809 1.024 0.306
Untrained Natural 1.864 0.793 2.351 0.019
BSRS:Untrained -1.063 0.890 -1.195 0.232
BSRS:Untrained Natural -1.068 0.854 -1.250 0.211

The model showed that although learners in the Bimodal Same Roman Spelling

group (BSRS) were more likely to perceive the length contrast as different than the

Unimodal Same Roman Spelling group (USRS), the difference was not significant.

The only significant difference revealed by the model was the performance of the

USRS group on Untrained Natural pairs compared to Trained stimuli. The odds of

accuracy on the Untrained Natural pairs were 6.45 times greater than the Trained

pairs (95% CI: 1.36-30.51). The predicted probabilities of the model are visualized in

Figure 3.11.
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FIGURE 3.11: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.9. The probabilities are presented with 95% confidence

interval.

Similarly, the second model compared the response accuracy for learners who

either had the bimodal training with compatible orthography or a unimodal training

alongside incompatible orthographic input. Here, the two groups had the same

orthographic exposure (two distinct orthographic labels for the auditory tokens on

each continuum) but received two different auditory distributions (unimodal vs.

bimodal). The model fixed effects were GROUP (Bimodal Distinct Roman Spelling

vs. Unimodal Distinct Roman Spelling), TEST TYPE (Trained vs. Untrained and

Untrained Natural) and their interaction. The random effects were SUBJECT and

ITEM, with by-subject slopes for TEST TYPE. A summary of the model is provided

in Table 3.10.

According to the model, training learners with the bimodal distribution paired

with distinct spelling significantly increased the likelihood of responding ’Different’

to the Trained stimuli compared to training them with the unimodal distribution

paired with incompatible orthography. The odds of discriminating the contrast for

the Bimodal Distinct Roman Spelling group (BDRS) was 2.60 times greater than the
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TABLE 3.10: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy for participants trained on either the unimodal distribution with compatible
or the bimodal distribution with incompatible orthography. The reference level for GROUP is
’UDRS’ (Unimodal Distinct Roman Spelling), and the reference level for TEST TYPE is ’Trained’.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.662 0.359 7.425 0.000
BDRS 0.955 0.485 1.970 0.049
Untrained 0.561 0.614 0.914 0.361
Untrained Natural -0.543 0.540 -1.006 0.314
BDRS:Untrained -1.078 0.804 -1.341 0.180
BDRS:Untrained Natural -0.753 0.723 -1.041 0.298

Unimodal Distinct Roman Spelling group (UDRS) (CI 95%: 1.01-6.72). For the Un-

trained and Untrained Natural stimuli, no significant differences were found. Figure

3.12 shows the predicted probabilities obtained from the model.

FIGURE 3.12: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.10. The probabilities are presented with 95% confidence

interval.

In sum, the results of the two models revealed that in the presence of ortho-

graphic stimuli, distributional information seems to only influence the accuracy of

the Bimodal Distinct Roman Spelling group on the Trained pairs.
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3.2.3 Discussion

The present experiment sought to explore the nature of the interaction between au-

ditory and familiar written stimuli in the perceptual learning of consonant length by

native English speakers. Specifically, compatible and incompatible orthographic in-

formation were paired with unimodal and bimodal distributions of two length con-

tinua to examine whether orthography could facilitate or offset the distributional

learning of the length contrast.

Firstly, it was predicted that exposing learners to a unimodal auditory distribu-

tion alongside compatible orthographic labels, i.e. tokens in each continuum had

the same spelling, would greatly reduce learners’ ability to perceive the length con-

trast. The findings of this experiment confirmed this prediction. Learners who had

the unimodal training paired with the same written representations demonstrated

significantly lower accuracy in discriminating the length contrast than both learn-

ers who had no training and those who had the unimodal exposure only, thereby

successfully inferring one length category. In the same way, it was predicted that

learners who were presented with a bimodal distribution alongside two distinct or-

thographic representations for short and long consonants would exhibit greater per-

ceptual sensitivity to the contrast. The findings showed that learners with such ex-

posure outperformed both the Control and the Bimodal groups. In fact, integrating

compatible orthographic input with bimodally distributed length continua resulted

in a near perfect discrimination of the consonant length contrast.

Secondly, it was predicted that contradictory orthographic and auditory input

would increase the sensitivity to the length contrast for learners who had the uni-

modal training and decrease it for learners trained on the bimodal distribution.

The findings suggest that presenting learners with the unimodal distribution repre-

sented by two distinct orthographic labels significantly enhanced the perception of

the contrast compared to both the Control the Unimodal groups. In addition, expos-

ing learners with the bimodal distribution represented orthographically by a single
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label neutralized the effects of the auditory distribution as evident by the signifi-

cantly lower perception of learners who received such training compared to those

who had the bimodal exposure only. However, the effect of the bimodal distribution

was not completely offset by the incompatible orthographic labels. This was evident

by the lack of significant difference in accuracy between learners with such exposure

and the Control group. The only group of learners who exhibited significantly less

accuracy in discriminating the length contrast compared to the Control group were

those who received the unimodal training paired with the same orthographic labels

for short and long consonants.

Given the evidence that incompatible orthography significantly alters the per-

ception of the length contrast, a follow-up analysis compared the performances of

compatible and incompatible orthography groups. The findings suggest that, for

the most part, written input determines the learning outcome regardless of the au-

ditory distribution it represents. The only exception was the performance of learners

in the Bimodal Distinct Roman Spelling group who significantly outperformed the

Unimodal Distinct Roman Spelling group on Trained items. In this instance, the bi-

modal distribution appears to aide learners’ perception of the length contrast better

than the same orthographic input with the unimodal distribution.

Taken together, these findings suggest that access to a familiar orthographic in-

put can play a role in forming L2 categories. Not only do the written representa-

tions enhance the distributional learning of such categories, but also override its

effects. One might speculate that the robustness of the orthographic cues in guid-

ing learners’ perception of the length contrast could be attributed to the status of

these representations in learners’ L1. Based on the assumption that orthographic

information influences the mental representations of words, Brewer (2008) demon-

strated that native English speakers indeed produce segments that are represented

by multiple letter with significantly longer duration. Thus, it is plausible that the

already established association between the number of Roman letters representing

a particular phoneme and its durational properties shaped learners’ perception of
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the length contrast in this experiment. One way to explore this possibility is to ex-

pose native English speakers to an unfamiliar orthographic system. The following

experiment replicated the present experiment with Arabic writing system in place

of the familiar Roman alphabet.

3.3 Experiment Two

The second experiment explored whether exposing learners to unfamiliar orthog-

raphy could have the same impact that was observed in the previous experiment.

As previously stated in Chapter 1, several studies have indicated that while learners

can generally benefit from familiar written representations of L2 segments, provided

that L1 and L2 share the same grapheme-phoneme correspondences (e.g., Escudero

et al., 2008; Hayes-Harb et al., 2018; Showalter, 2018), the exposure to novel written

input has been shown to inhibit learning. Mathieu (2016) trained native English

speakers on six minimal pairs containing the Arabic /è/-/X/ contrast in word-

initial positions. Among the experimental groups, two sets of learners heard the

words and saw their pictured meanings. Crucially, one group was additionally pre-

sented with the Arabic written representations of these words. The auditory-picture

matching test revealed that those who were exposed to the Arabic spellings of the

minimal pairs were significantly worse at matching the auditory forms with their

corresponding meanings than those who lacked orthographic exposure. However,

a number of empirical studies suggest that novel orthographic representations ex-

ert no adverse or beneficial influence in learning the nonnative phonological forms

of new words. In a word learning experiment, Showalter and Hayes-Harb (2015)

examined native English speakers’ ability to lexically encode the Arabic /k/-/q/

contrast. Two groups were exposed to the auditory forms of six minimal pairs

containing the velar-uvular contrast along with their pictured meanings, with one

group having to concurrently see the Arabic spellings of these words. The auditory-

picture matching test failed to show any significant benefit for the Arabic script in
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improving the acquisition of the novel phonological contrast.

Relevant to the current experiment, the failure of unfamiliar written stimuli to

induce learning has been also attested in learning to perceive nonnative sounds. In

Pytlyk (2011), three groups of native English speakers received 4.5 hours of training

on L2 Mandarin phonemes. The three groups differed on whether they were simul-

taneously exposed to Pinyin, Zhuyin or no orthography during training. The Pinyin

writing system is familiar to native English speakers since it uses the Roman alpha-

bet, whereas Zhuyin employs Chinese characters. The follow-up perception task

revealed no significant differences between the three groups despite the potential

negative effects of the incongruency between the grapheme-phoneme correspon-

dences of the Pinyin script and that of learners’ L1.

In the present experiment, native English speakers were trained on the con-

sonant length contrast via distributional information and Arabic orthographic in-

put. In line with the previous experiment, learners were assigned to four exper-

imental Groups: Unimodal Same Arabic Spelling (USAS), Bimodal Distinct Ara-

bic Spelling (BDAS), Unimodal Distinct Arabic Spelling (UDAS) and Bimodal Same

Arabic Spelling (BSAS). Following the findings of the previous experiment and re-

cent research, it was expected that the exposure to the Arabic script would not have

the same profound effect in either facilitating or hindering the perception of the

length contrast. Specifically, while a unimodal exposure paired with compatible

Arabic input would decrease learners’ ability to perceive the length contrast com-

pared to the Unimodal group, their performance was predicted not to differ signif-

icantly from the Control group. Additionally, pairing a bimodal distribution with

compatible Arabic input was expected to lead to a significantly better discrimination

of the contrast compared to the Control group; however, access to unfamiliar orthog-

raphy was not predicted to cause a significant increase in discrimination compared

to the Bimodal group. The same pattern was expected to emerge in the incompati-

ble orthographic groups. The presence of the unfamiliar Arabic input would have

less impact in determining the learning outcome for both the Unimodal Distinct and
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Bimodal Same Arabic Spelling groups.

3.3.1 Methods

3.3.1.1 Participants

Eighty monolingual English speakers (57 females and 23 males) were recruited from

the University of Alberta Department of Linguistics participant pool and received

course credit for their participation. The mean age was 20.4 (SD= 2.3, range= 18-27).

None of the participants had any significant experience with languages that have

gemination and reported no prior knowledge of the Arabic script.

3.3.1.2 Training materials

The same auditory stimuli was used to train participants in this experiment. The

orthographic stimuli consisted of the Arabic spellings of the auditory tokens. For

the target items, the difference between the long and short consonant was marked

by the addition of a diacritic referred to as shaddah. In Arabic, the shaddah, which

is placed above the consonant (e.g., <
��

H> versus < �
H>), is optionally used to mark

long consonants. The filler items were also represented orthographically according

to the Arabic spelling standards.

3.3.1.3 Training phase

The training phase was similar to one described in the previous experiment. Learn-

ers were assigned to four learning groups: Unimodal Same Arabic Spelling (USAS),

Bimodal Distinct Arabic Spelling (BDAS), Unimodal Distinct Arabic Spelling (UDAS)

and Bimodal Same Arabic Spelling (BSAS). Learners in the USAS group were trained

on the unimodal distribution with compatible Arabic orthography. The auditory

tokens across each length continuum were represented orthographically with the

same spellings. Similarly, learners in the BDAS were presented with the bimodal
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distribution paired with compatible Arabic orthography; tokens 1-5 on each con-

tinuum were spelled without a diacritic indicating the token contained a short con-

sonant (e.g., /ama/ spelled as < AÓ@>), while tokens 6-10 were marked with a dia-

critic indicating the token contained a geminate consonant (e.g., /amma/ spelled as

< A
�
Ó@>). An illustration of the training is shown in Figure 3.13.

FIGURE 3.13: An illustration of the compatible Arabic orthographic pairing with the unimodal
and bimodal distributions of the /ama/ duration continuum.

Conversely, learners in the UDAS group were exposed to the unimodal distri-

bution with incompatible Arabic orthography. Tokens 1-5 in each continuum were

spelled without a diacritic, while tokens 6-10 were spelled with a diacritic. Like-

wise, learners in the BSAS group were trained on the bimodal distrbtion with in-

compatible Arabic orthographic input; all tokens on each length continuum had the

same spellings. Figure 3.14 illustrates the auditory and the written exposure for

the incompatible orthography groups. Table 3.11 summarizes the auditory and the

orthographic exposure for each group.
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FIGURE 3.14: An illustration of the incompatible Arabic orthographic pairing with the unimodal
and bimodal distributions of the /ama/ duration continuum.

Prior to the training, learners were told they would hear multiple words and see

their spellings in an unfamiliar language. The participants were instructed about

direction of writing in Arabic which is right-to-left.

TABLE 3.11: A summary table of the learning groups examined in this experiment. The Control,
Unimodal and Bimodal groups are the same ones used in the previous experiment.

Group Distribution Orthographic stimuli

Control None None

Unimodal Unimodal distribution None

Bimodal Bimodal distribution None

USAS Unimodal distribution Same Arabic spelling (compatible)

BDAS Bimodal distribution Distinct Arabic spelling (compatible)

UDAS Unimodal distribution Distinct Arabic spelling (incompatible)

BSAS Bimodal distribution Uniform Arabic spelling (incompatible)

3.3.1.4 Testing phase

All groups performed the same AX discrimination task described in Section 3.2.1.4.
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3.3.2 Results

The accuracy scores of the four groups on the length contrast (Target Different pairs)2

are shown in Figure 3.15. Clearly, the performances of these groups exhibited vari-

ation. Consistent with the previous experiment, the type of orthography that was

presented with each auditory distribution seems to determine the degree of accu-

racy in discriminating the length contrast. Both the Bimodal Distinct Arabic Spelling

(BDAS) and Unimodal Distinct Arabic Spelling (UDAS) groups had comparable ac-

curacy means (M= 0.82, SD= 0.38) and (M= 0.81, SD= 0.39), respectively. Likewise,

the mean accuracy scores for the Unimodal Same Arabic Spelling (USAS) and Bi-

modal Same Arabic Spelling (BSAS) groups were almost identical (M= 0.33, SD=

0.46) and (M= 0.33, SD= 0.39), respectively.

FIGURE 3.15: A combined plot representing the accuracy of the USAS (Unimodal Same Arabic
Spelling), BDAS (Bimodal Distinct Arabic Spelling), UDAS (Unimodal Distinct Arabic Spelling)
and BSAS (Bimodal Same Arabic Spelling) groups on Different pairs. The plot contains probabil-
ity distribution (split-half violin); box-plots and means with standard errors for each group. Data

from each individual are represented as points.

2Analysis on Target Same pairs and filler items did not reveal any significant differences between
the four groups.
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Responses to the AX discrimination task were analyzed using mixed-effects lo-

gistic regression to assess whether the perception of the length contrast was associ-

ated with the exposure to Arabic orthographic input. Following the previous exper-

iment, the fixed effects of interest were GROUP, a between-subject factor effect, and

TEST TYPE, a within-subject factor. SUBJECT and ITEM served as random effects. By-

subject random slopes were included for TEST TYPE and always resulted in a better

model fit. Adding by-item random slopes for GROUP failed to improve these mod-

els. The result section is divided into three sub-sections. Section 3.3.2.1 presents an

analysis of data obtained from the compatible orthography groups in which their

performances were compared to groups that received no orthographic cues (Con-

trol, Unimodal and Bimodal). Section 3.3.2.2 presents the same comparisons but

with the incompatible orthography groups. The third section (3.3.2.3) compared the

performances of the compatible orthography groups with those learners who re-

ceived either the unimodal or bimodal training with incompatible orthography to

explore whether distributional information had any effect on the accuracy scores.

Finally, section 3.3.2.4 presents a combined analysis of data from all the experimen-

tal groups in this chapter.

3.3.2.1 Compatible distributional and orthographic information

The first mixed-effects logistic regression model was conducted to examine whether

learners trained with compatible auditory and Arabic orthographic input performed

differently from those who received no exposure,i.e., the Control group. The fixed-

effects of the model were GROUP (Control vs. Unimodal Same Arabic Spelling and

Bimodal Distinct Arabic Spelling), TEST TYPE (Trained vs. Untrained and Untrained

Natural) and their interaction term. The random effects were SUBJECT and ITEM,

with by-subject random slopes for TEST TYPE. Table 3.12 summarizes the model.

The result of the model indicates that presenting learners with the unimodal dis-

tribution paired with matching Arabic orthography significantly decreased the like-

lihood of responding ’Different’ to the Trained pairs compared to the Control group.
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TABLE 3.12: A summary of the mixed-effect logistic regression model for variables predicting
the response accuracy of participants on target different items. The reference level for GROUP is

Control, and the reference level for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) -0.385 0.625 -0.616 0.538
USAS -1.940 0.935 -2.075 0.038
BDAS 4.053 0.940 4.310 0.000
Untrained 0.059 0.595 0.100 0.920
Untrained Natural 0.650 0.608 1.070 0.285
USAS:Untrained 0.853 0.638 1.336 0.182
BDAS:Untrained -1.138 0.657 -1.730 0.084
USAS:Untrained Natural 1.112 0.677 1.644 0.100
BDAS:Untrained Natural -1.909 0.697 -2.740 0.006

The odds of discriminating the length contrast among the Control group partici-

pants were 7 times higher Compared to the Unimodal Same Arabic Spelling group

(USAS) (CI 95%: 1.11-43.47). No significant difference between the two groups was

evident in the Untrained and Untrained Natural pairs. Conversely, learning from

exposure to the bimodal distribution with compatible Arabic script significantly in-

creased the likelihood of responding ’Different’ to the Trained pairs compared to the

Control group. For the Bimodal Distinct Arabic Spelling group (BDAS), the odds of

perceiving the length contrast as different were 57.54 times higher than the Con-

trol group (CI 95%: 9.11-363.36). However, as the significant interaction between

GROUP and TEST TYPE reveals, the difference in accuracy scores between the BDAS

and the Control groups on Untrained Natural pairs significantly decreased com-

pared to Trained stimuli, but the difference remained statistically significant (OR=

8.53, CI 95%: 2.40- 30.23). Figure 3.16 illustrates the predicted probabilities obtained

from the model.
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FIGURE 3.16: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.12. The probabilities are presented with 95% confidence

interval.

The second model explored whether presenting learners with the unimodal dis-

tribution alongside compatible Arabic orthography (same spelling) had an advan-

tage in suppressing a two category perception over unimodal training only. Re-

call that training learners with the unimodal distribution alone did not lower their

discrimination scores compared to the Control group. To this end, a mixed-effects

logistic regression analysis was conducted. The fixed predictors were GROUP (Uni-

modal vs. Unimodal Same Arabic Spelling), TEST TYPE (Trained vs. Untrained

and Untrained Natural) and their interaction. SUBJECT and ITEM served as ran-

dom effects, with by-subject random slopes for TEST TYPE. The model summary is

provided in Table 3.13. The results clearly indicate that learners in the Unimodal

Same Arabic Spelling group (USAS) were significantly less likely to respond ’Dif-

ferent’ to the Trained stimuli than the Unimodal group. The odds of discriminating

the length contrast for the Unimodal group were 191.5 times higher compared to

those who received unimodal training with compatible Arabic script (CI 95%: 8.9-

4121). The model, however, reveals a significant interaction between GROUP and

TEST TYPE. On the Untrained and Untrained Natural pairs, the difference between
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the two groups was significantly reduced compared to their difference on Trained

stimuli. The odds ratio dropped to 12.04 (CI 95%: 1.89-76.81) for the Untrained pairs

and to 7 (CI 95%: 1.58-31) for the Untrained Natural pairs; however the difference

between the two groups on both testing blocks remained statistically significant.

Figure 3.13 displays the predicted probabilities of the two learning groups on the

three testing blocks.

TABLE 3.13: A summary of the mixed-effect logistic regression model for variables predicting
the response accuracy of participants on target different items. The reference level for GROUP is

Unimodal, and the reference level for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.453 1.097 2.237 0.025
USAS -5.255 1.564 -3.359 0.001
Untrained -1.317 0.914 -1.441 0.150
Untrained Natural -1.063 0.932 -1.141 0.254
USAS:Untrained 2.767 1.220 2.268 0.023
USAS:Untrained Natural 3.311 1.240 2.669 0.008

FIGURE 3.17: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.13. The probabilities are presented with 95% confidence

interval.

The final model explored whether the exposure to compatible Arabic orthog-

raphy (distinct spelling) could improve learners’ perception of the length contrast
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over those who were trained with bimodal distribution alone. The fixed effects of

the model were GROUP (Bimodal vs. Bimodal Distinct Arabic Spelling), TEST TYPE

(Trained vs. Untrained and Untrained Natural). The random effects were SUBJECT

and ITEM, with by-subject random slopes for TEST TYPE. The results of the model

confirmed that adding compatible Arabic orthography to the bimodal auditory dis-

tribution did not significantly increase the likelihood of responding ’Different’ to

the length contrast compared to bimodal training only. A summary of the model

is provided in Table 3.14 and the predicted probabilities of the model are shown in

Figure 3.18.

TABLE 3.14: A summary of the mixed-effect logistic regression model for variables predicting
the response accuracy of participants on target different items. The reference level for GROUP is

Bimodal, and the reference level for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.385 0.665 3.586 0.000
BDAS 0.932 0.850 1.096 0.273
Untrained -0.472 0.579 -0.815 0.415
Untrained Natural -0.832 0.574 -1.448 0.148
BDAS:Untrained -0.552 0.576 -0.958 0.338
BDAS:Untrained Natural -0.317 0.577 -0.550 0.582

FIGURE 3.18: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.14. The probabilities are presented with 95% confidence

interval.



Chapter 3. Orthographic input and distributional learning 85

To summarize, the exposure to unimodal distribution with compatible Arabic

script significantly lowered learners’ accuracy scores compared to unimodal expo-

sure alone. However, the accuracy scores of learners trained with bimodal distri-

bution and compatible Arabic orthographic input failed to significantly improve

learners’ discrimination scores compared to bimodal training only. The following

section investigates the effects of incompatible distributional and orthographic in-

put on learners’ discrimination of the length contrast.

3.3.2.2 Incompatible distributional and and orthographic information

The present section examines the interaction between distributional information

and incompatible Arabic orthography in the perception of the consonant length dis-

tinction. Specifically, the performances of learners in the incompatible Arabic or-

thography groups (UDAS and BSAS) were compared to the Control, Unimodal and

Bimodal groups. The first model analyzed the response accuracy of learners who

had the unimodal or bimodal auditory exposure with incompatible orthography in

comparison to those who received no training. The model fixed effects were GROUP

(Control vs. Unimodal Distinct Arabic Spelling and Bimodal Same Arabic Spelling),

TEST TYPE (Trained vs. Untrained and Untrained Natural). SUBJECT and ITEM

served as random effects, with by-subject random slopes for TEST TYPE. The results

of the model revealed that exposing learners to the unimodal distribution paired

with distinct Arabic spellings significantly increased the likelihood of responding

’Different’ to the Trained stimuli compared to the Control group. The odds of dis-

criminating the singleton/geminate contrast were 48.45 times higher among learn-

ers in the UDAS group compared to the Control (CI 95%: 7.24-324.33). However,

a significant interaction between GROUP and TEST TYPE reveals that the difference

between the UDAS and the Control groups significantly reduced on Untrained Nat-

ural pairs compared to the Trained items; the odds ratio dropped to 10.91 but re-

mained statistically significant (CI 95%: 2.89 -41.22). No significant difference was
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observed between the BSAS and the Control groups. Table 3.15 summarizes the

model and Figure 3.19 illustrates its predicted probabilities.

TABLE 3.15: A summary of the mixed-effect logistic regression model for variables predicting
the response accuracy of participants on target different items. The reference level for GROUP is

Control, and the reference level for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) -0.379 0.641 -0.591 0.555
UDAS 3.880 0.970 4.000 0.000
BSAS -1.881 0.966 -1.948 0.051
Untrained 0.027 0.578 0.046 0.963
Untrained Natural 0.626 0.596 1.050 0.294
UDAS:Untrained 0.079 0.624 0.126 0.900
BSAS:Untrained 0.173 0.594 0.291 0.771
UDAS:Untrained Natural -1.490 0.664 -2.245 0.025
BSAS:Untrained Natural 0.898 0.637 1.410 0.159

FIGURE 3.19: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.15. The probabilities are presented with 95% confidence

interval.

A second analysis modelled the response data from learners who were exposed

to the unimodal distribution with or without incompatible Arabic script. The pur-

pose here was to determine if pairing the unimodal distribution with distinct Arabic

script would lead to a significantly different discrimination scores compared to the
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unimodal exposure only. The fixed effects were GROUP (Unimodal vs. Unimodal

Distinct Arabic Spelling), TEST TYPE (Trained vs. Untrained and Untrained Natural)

and their interaction. SUBJECT and ITEM served as random effects, with by-subject

random slopes for TEST TYPE. A summary of the model is shown in Table 3.16.

TABLE 3.16: A summary of the mixed-effect logistic regression model for variables predicting
the response accuracy of participants on target different items. The reference level for GROUP is

Unimodal, and the reference level for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 1.542 0.653 2.362 0.018
UDAS 1.486 0.864 1.719 0.086
Untrained -0.398 0.411 -0.968 0.333
Untrained Natural -0.100 0.412 -0.242 0.809
UDAS:Untrained 0.352 0.347 1.014 0.311
UDAS:Untrained Natural -0.275 0.344 -0.800 0.423

The model revealed no significant difference between the Unimodal and the

UDAS groups on Trained and Untrained Natural items. On Untrained items, how-

ever, the difference between the two groups was significant (β= 1.84, SE= 0.86,

p=0.03). The odds of discriminating the length contrast for the UDAS were 6.28

times higher compared to the Unimodal group (CI 95%: 1.16-34).

FIGURE 3.20: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.16. The probabilities are presented with 95% confidence

interval.
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Finally, the same analysis was replicated using response data obtained from

learners who received bimodal training with or without incompatible Arabic or-

thography. The mixed-effects model contained the same fixed and random effects;

however, the levels of GROUP were Bimodal and Bimodal Same Arabic Spelling

(BSAS). A summary of the model is shown in 3.17.

TABLE 3.17: A summary of the mixed-effect logistic regression model for variables predicting
the response accuracy of participants on target different items. The reference level for GROUP is

Bimodal, and the reference level for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.482 0.820 3.027 0.002
BSAS -4.726 1.069 -4.419 0.000
Untrained -0.256 0.707 -0.362 0.718
Untrained Natural -0.837 0.722 -1.159 0.246
BSAS:Untrained 0.639 0.748 0.855 0.393
BSAS:Untrained Natural 2.378 0.755 3.152 0.002

The results of the model showed that learners who received bimodal training

with incompatible orthography (BSAS) were significantly less likely to respond ’Dif-

ferent’ to the Trained pairs compared to those who were exposed to the bimodal dis-

tribution only. The odds of discriminating the length contrast for the Bimodal group

was 98.60 times higher (CI 95%: 14.05-692.30) compared to the BSAS group. How-

ever, as evidenced by the significant interaction, the odds ratio dropped to 10.46 (CI

95%: 2.55-42.95) when responding to the Untrained Natural pairs, while remaining

statistically significant. An illustration of the predicted probabilities is provided in

Figure 3.21.
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FIGURE 3.21: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.17. The probabilities are presented with 95% confidence

interval.

Together, the present and the previous sections confirm that Arabic script sig-

nificantly affects learners’ perception of the length contrast. The effect was attested

following either compatible or incompatible distributional and orthographic expo-

sure. The following section examines if the distributional information would still

make any contribution to learning in the presence of Arabic orthographic input.

3.3.2.3 Compatible versus incompatible auditory and orthographic stimuli

The purpose of the present section was to investigate whether learners relied solely

on the Arabic written input in order to recover the target structure during exposure.

Two models examined the performances of learners who received either the uni-

modal or bimodal exposure represented by the same written input. The first model

compared the accuracy scores for learners who were exposed to either the unimodal

or bimodal distribution paired with a single written representation for short and

long consonants. The fixed predictors of the model were GROUP (Unimodal Same

Arabic Spelling vs. Bimodal Same Arabic Spelling), TEST TYPE (Trained vs. Un-

trained and Untrained Natural) and the interaction between the two predictors. The
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random intercepts were SUBJECT and ITEM, with by-subject slopes for TEST TYPE.

The results of the model failed to detect any difference in the likelihood of respond-

ing ’Different’ between the two groups. The only significant difference obtained

from the model was between the performance of the USAS group on the Untrained

Natural items compared to Trained pairs. The odds ratio for accuracy on the Un-

trained Natural stimuli was 11.22 times greater than the accuracy on the Trained

items (CI 95%: 1.7-72.22). A summary of the model is given in Table 3.18. Figure

3.22 displays the predicted probabilities obtained from the model.

TABLE 3.18: A summary of the mixed-effect logistic regression model for variables predicting
the response accuracy of participants on target different items. The reference level for GROUP is

USAS (Unimodal Same Arabic Spelling), and the reference level for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) -2.970 1.100 -2.701 0.007
BSAS 0.035 1.429 0.025 0.980
Untrained 1.532 0.925 1.656 0.098
Untrained Natural 2.418 0.950 2.546 0.011
BSAS:Untrained -0.516 1.030 -0.501 0.616
BSAS:Untrained Natural -0.216 1.071 -0.202 0.840

FIGURE 3.22: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.18. The probabilities are presented with 95% confidence

interval.



Chapter 3. Orthographic input and distributional learning 91

In the same way, a second model was conducted to compare the accuracy scores

of learners who were trained with either the unimodal or bimodal distribution that

was represented orthographically by two distinct labels for short and long con-

sonants. GROUP in this model contained data from the Bimodal Distinct Arabic

Spelling (BDAS) and Unimodal Distinct Arabic Spelling (UDAS) groups and the

same fixed and random structures were used.The only significant difference ob-

tained from the model was between the accuracy of the BDAS group on the Un-

trained Natural items compared to Trained pairs. The odds ratio for accuracy on

the Trained pairs was 3.81 times greater than the accuracy on the Untrained Natu-

ral items (CI 95%: 1.36-10.70). No significant differences were detected between the

two groups (see Table 3.19). The predicted probabilities of the model are shown in

Figure 3.23.

TABLE 3.19: A summary of the mixed-effect logistic regression model for variables predicting
the response accuracy of participants on target different items. The reference level for GROUP is

BDAS (Bimodal Distinct Arabic Spelling), and the reference level for TEST TYPE is Trained.

Estimate Std. Error z value Pr(>|z|)
(Intercept) 3.415 0.743 4.598 0.000
UDAS 0.024 0.975 0.025 0.980
Untrained -0.997 0.538 -1.854 0.064
Untrained Natural -1.340 0.526 -2.547 0.011
UDAS:Untrained 0.489 0.578 0.846 0.398
UDAS:Untrained Natural 0.134 0.561 0.239 0.811
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FIGURE 3.23: Predicted probabilities from the mixed-effects logistic regression results modeling
the likelihood of responding ’Different’ to the length contrast by GROUP, TEST TYPE and their
interaction term, as presented in Table 3.19. The probabilities are presented with 95% confidence

interval.

The results of these two models indicate that, when accompanied by Arabic

orthographic input, distributional information had no effect on the perception of

length contrast. Learners’ accuracy on the AX task was determined by whether the

Arabic orthographic input contained a uniform or distinct spellings of the consonant

length contrast rather than by the type of the auditory distribution.

3.3.2.4 A combined analysis of all the experimental groups

The final analysis included response data from all the experimental groups and the

Control group. The purpose of this analysis was to show if the performances of

those exposed to Roman script and Arabic script were significantly different. To

simplify the analysis, the model contained only GROUP as the fixed factor. The

random effects were SUBJECT and ITEM. The results showed that compared to the

Control group, the BDRS, UDAS, UDRS, BDAS, Bimodal and the Unimodal groups

were significantly more likely to respond ’Different’ to the length contrast. On the

contrary, only the BSAS group was significantly less likely to perceive the length
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distinction compared to the Control group. To show the size of the difference be-

tween these learning groups and the Control group, Figure 3.24 displays the odds

ratios ordered from the highest to the lowest.

FIGURE 3.24: The odds ratios of responding ’Different’ to the length contrast for the 10 experi-
mental groups compared to the Control group (represented by the vertical grey line). Odds ratios
in blue indicate that they are higher than 1; conversely, odds ratios in red indicate that they are
lower than the 1. Asterisks indicate that the significance level of the odds ratio compared to the

Control group. The odds ratios are presented with 95% confidence interval.

Unsurprisingly, learners who were trained with the bimodal distribution and

compatible Roman script (BDRS) had the highest odds ratios (OR= 21.5, 95% CI:

6.35-73.18). Interestingly, the groups that followed were trained with unimodal dis-

tributions paired with incompatible Roman (UDRS) or Arabic script (UDAS) (OR=

16.44, 95% CI: 4.98-54.33) and (OR= 16.82, 95% CI: 4.99-56.70), respectively. Finally,

the group that was exposed to the bimodal distribution and compatible Arabic

spellings (BDAS) came fourth with an OR of 12.71 (95% CI: 3.83-42.13). To assess

the difference between the four groups that were exposed to an orthographic input

that marked the distinction between short and long consonants, multiple planned

comparisons were conducted. The results revealed no significant differences in dis-

crimination scores between the four groups.
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For the groups that were exposed to an orthographic input that supported a

single category perception, only learners who had the bimodal training with in-

compatible Arabic script (BSAS) performed significantly worse than the Control

group. However, multiple planned comparisons revealed no significant differences

between the BSAS and the BSRS, USAS and USRS groups.

3.3.3 Discussion

The purpose of this experiment was to verify whether native English speakers could

utilize Arabic orthographic input to perceive the length contrast the same way they

did with the Roman script. Specifically, given the strong orthographic effect shown

in the previous experiment, it was hypothesized that L1 orthographic representa-

tion were largely responsible for the observed learning effect and, thus, exposing

native English speakers to Arabic script would not produce comparable results. On

the contrary, the findings of this experiment exhibited similar patterns. As with Ro-

man script, learners trained on the unimodal distribution with compatible Arabic

spellings had significantly lower accuracy scores compared to the Control group.

Likewise, the exposure to Arabic orthographic input led to a significant increase in

the sensitivity to the length contrast for learners who had bimodal training com-

pared to the Control group. However, unlike Roman orthography, pairing the bi-

modal training with distinct Arabic spellings failed to lead to a significantly better

perception of the length contrast than bimodal training alone.

Pairing auditory distributions with incompatible Arabic input produced similar

results as well. Compared to the Control group, exposing learners who had uni-

modal training to Arabic script in which tokens 6 to 10 spelled with a diacritic sig-

nificantly increased the discrimination accuracy of the length contrast, while failing

to significantly decrease it for learners who were trained on bimodal distribution

with spellings that contained no diacritic. Still, training learners with the bimodal
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distribution represented consistently without a diacritic significantly reduced the

discrimination of the length contrast compared to bimodal training alone.

These results provide evidence that, like familiar script, the exposure to unfa-

miliar orthographic information can aide the distributional learning of nonnative

speech sounds. Further, when the statistical and the orthographic information do

not match, learners exhibit reliance on the unfamiliar orthographic cues to perceive

L2 sounds. These results and the results of the previous experiment are discussed

further in the following section.

3.4 General discussion

This chapter set out to explore an often overlooked aspect of L2 phonological de-

velopment. More specifically, two experiments were conducted to understand how

orthographic information interacts with the distributional learning of the consonant

length contrast. To achieve this, 242 monolingual English speakers were assigned to

10 experimental groups and a control group. These groups differed on whether the

auditory distribution was unimodal or bimodal, and if there was an orthographic

exposure, whether it was familiar, unfamiliar, compatible or incompatible. The re-

sults of these experiments have offered clues to the research questions laid out at the

outset of this chapter.

The first question concerns whether the exposure to written input facilitates the

distributional learning of the consonant length contrast. The results of Experiment

1 clearly suggest that familiar orthographic information facilitates the distributional

learning of the consonant length contrast. Perhaps the most striking effect of written

input was the suppression of the two category perception observed when training

learners with a unimodal distribution only. Indeed, pairing a unimodal exposure

with a compatible Roman script led learners to a significantly lower discrimination

of the length contrast than those trained with only a unimodal distribution. The
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facilitating effect of compatible orthographic input has also been attested in learn-

ers exposed to a bimodal distribution. Integrating a bimodal auditory distribution

with compatible orthographic representations in support of two category percep-

tion resulted in a significant increase in the discrimination of the length contrast

compared to bimodal exposure alone. The enhancing effect, however, was limited

to the trained items.

The second research question was in relation to the competition between the dis-

tributional and orthographic properties when they convey contradictory informa-

tion. It was hypothesized that learners would utilize both sources of information to

perceive the length contrast and thus exhibit differential performances. However,

the findings of these experiments confirm that orthographic forms, irrespective of

the auditory distribution they represent, generally guide learners’ perception. That

is, when the distributional and orthographic information conflict, learners exhibit

almost a complete reliance on the written cues to perceive the length contrast. Yet,

there were a few instances in which distributional information contributed to the

learning outcome. Among these was the performance of learners who were ex-

posed to a bimodal distribution represented orthographically with compatible Ro-

man spellings versus the performance of learners who were exposed to the same

spellings but with a unimodal distribution instead. Here, the bimodal distribution

seems to induce a significant added benefit to the discrimination of the length con-

trast.

The final research question in this chapter was whether the perception patterns

established in Experiment would differ with unfamiliar orthography. The findings

suggest that Arabic script can exert similar learning effects as Roman orthographic

input. The perception of the length contrast for learners who were exposed to Ara-

bic script mainly followed the patterns of learners who were presented with Roman

script. These findings are contrary to previous word learning studies which have

suggested that novel orthographic representations, particularly Arabic, can hinder
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learning (Mathieu, 2016) or do not impact the acquisition of nonnative phonolog-

ical forms either positively or negatively (Showalter & Hayes-Harb, 2015). Thus,

the results of the present chapter provide evidence that the mostly neutral effects

of unfamiliar orthography observed in these studies is unlikely to be related to an

inherent difficulty in processing novel written representations. This discrepancy be-

tween the results of these studies and the current one maybe related to a number of

factors including the difference in the levels of representation investigated in these

studies and the current one (pre-lexical vs. lexical), the difference in the frequency

of exposure to the target orthography (learners in the current study saw the Arabic

script 400 times), and finally, the difference in the relative difficulty of the target con-

trast (length contrast vs. /X/- /è/ contrast (Mathieu, 2016) and the /k/-/q/ contrast

(Showalter & Hayes-Harb, 2015)).

Together, these experiments reveal that, in general, adult learners are not always

adept at learning the underlying structure of a nonnative auditory input via its dis-

tributional properties. Rather, the more explicit cues, such as orthographic informa-

tion, are more readily utilized by learners to perceive nonnative speech sounds. The

evidence suggests that nonnative sound categories are largely modulated by the or-

thographic input; learners determine the number of categories along a particular

length continuum based on the written input.

Although no previous study has examined the effects of orthographic input on

the distributional learning of nonnative phonemes, it is still worth comparing the

results of the current study to the existing research that investigated the interaction

between auditory and orthographic or visual information in nonnative speech per-

ception. Generally, prior training studies report no measurable effect of orthogra-

phy on the perception of nonnative phonemes. In Simon et al. (2010), native English

speakers were trained on the French vowel /u/-/y/ contrast using novel words

presented with their meanings as images. The experimental variable was whether

the exposure contained the spellings of these words. A follow-up perceptual task re-

vealed no differences between learners who were presented with orthography and
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those who were not. Likewise, Pytlyk (2011) taught three groups of native English

speakers Mandarin contrasts using either Pinyin, Zhuyin or no orthography dur-

ing three sessions of training. The perception task did not reveal any differences in

discrimination scores between the three groups.

While these studies delivered the auditory input through word learning (Simon

et al., 2010), or explicit instruction (Pytlyk, 2011), a similarly-designed investigation

of the interaction between distributional and visual information has been reported.

Hayes (2003) exposed native English speakers to multiple sound continua contain-

ing the novel pre-voiced [g] and the unaspirated voiceless [k] contrast. The visual

information embedded with the auditory exposure was pictured meanings instead

of orthographic input. Two groups were trained with a unimodal distribution of the

contrast coupled with either a single pictured meaning that promoted a single cate-

gory perception or two pictured meanings that would counter that effect. Similarly,

the two other groups had a bimodal training paired with either two pictured mean-

ings supporting the discrimination of the contrast or a single one that promoted a

single category perception. Contrary to the results of the current study, the visual

information had limited effect in either reinforcing or suppressing two category per-

ception. This effect was evident only in the difference in accuracy scores between

learners who had a bimodal training with two pictured meanings versus learners

trained on a unimodal distributions represented with a single pictured meaning.

Although it is tempting to attribute the discrepancy between these findings and the

findings of the current study to the distinct role of orthographic information in de-

termining phonemic representations, the target contrast is markedly more difficult

to acquire than the length contrast, as evidenced by the comparatively low discrim-

ination scores of the [g]-[k] distinction. Further discussion of these results and their

broader implications are offered in Chapter 5.

In short, this chapter provides insights into how orthographic information in-

teracts with frequency-based perceptual learning during the early stages of L2 cat-

egory formation. In these experiments, L2 learners’ perception of nonnative speech



Chapter 3. Orthographic input and distributional learning 100

sounds was largely shaped by the orthographic forms rather than distributional or

the acoustic properties of the auditory input. Both familiar and unfamiliar ortho-

graphic cues can have an additive learning effect when they are integrated with

matching auditory input. They can also reorganize the phonemic representations

independent of the statistical information associated with the auditory input. The

next chapter extends the inquiry to the role of orthography in L2 phonology by in-

vestigating its effect on the lexical encoding of the consonant length contrast.
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Chapter 4

Orthographic Input and Lexical

Learning

4.1 Introduction

The previous chapter has demonstrated how orthographic input interacts with the

distributional learning of consonant length contrast: Access to orthographic infor-

mation shapes learners’ phonemic representations regardless of the statistical and

the acoustic properties of the auditory input. The level of investigation so far con-

cerns the perceptual learning of nonnative speech categories, which constitutes a

distinct domain within L2 phonological development that forms sometimes asym-

metrical relationship with lexical learning. A number of studies have shown that

learning to perceive a novel contrast does not necessarily indicate that the contrast

can be encoded in learners’ L2 lexicon (Sebastian-Galles & Baus, 2005; Díaz, Mit-

terer, Broersma, & Sebastián-Gallés, 2012; Amengual, 2016). Likewise, the ability to

encode a nonnative contrast in the lexicon does not always require prior phonetic

knowledge (Weber & Cutler, 2004; Cutler, Weber, & Otake, 2006; Escudero et al.,

2008; Darcy et al., 2012).

Therefore, any conclusions drawn about the role of orthography in L2 phonology

would be incomplete without considering the process of learning nonnative speech
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sounds as a whole. This chapter extends the inquiry to the process of lexical en-

coding of nonnative contrasts. Specifically, the main objective is to understand how

orthographic information interacts with learners’ ability to establish lexical repre-

sentations for the consonant length contrast.

The bulk of the empirical research on orthographic effects cited in this disserta-

tion has addressed this issue. The general consensus in these studies suggests that

familiar orthographic input that shares learners’ L1 grapheme-phoneme correspon-

dences facilitate learning the nonnative phonological forms of novel words, and the

existence of incompatible L1 and L2 grapheme-phoneme correspondences may im-

pair the the establishment of lexical distinctions (Hayes-Harb et al., 2010; Escudero

et al., 2014; Showalter, 2018). Further, unfamiliar written forms generally exert no

effect in lexical learning (Showalter & Hayes-Harb, 2015; Hayes-Harb & Hacking,

2015; Mathieu, 2016); however, in some cases unfamiliar orthography may nega-

tively interfere with the formation of distinct lexical representations (Mathieu, 2016),

while in others minimally unfamiliar script may facilitate the process (Showalter &

Hayes-Harb, 2013).

The current experiments differ from previous studies in the degree of ortho-

graphic depth examined. In line with the previous chapter, the orthographic expo-

sure varies in two ways: Orthographic compatibility and orthographic familiarity.

The orthographic representations of the length contrast are deemed compatible if

the target stimuli has one-to-one phoneme-grapheme correspondence. Conversely,

if short and long consonants that make up a phonological length distinction are rep-

resented by the same grapheme, the orthographic input is considered incompatible.

In addition, orthographic familiarity is determined by whether learners’ L1 shares

the same writing system with L2 or not. This chapter intends to answer the follow-

ing three questions: (I) Does the exposure to compatible orthographic input facilitate

encoding consonant length in the lexicon? (II) if the orthography does not mark a

length distinction, will the lexical encoding of the contrast be inhibited? (III) and

finally, will the unfamiliarity with the Arabic orthographic input impact the lexical
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representations of consonant length contrast differently?

4.2 Experiment One

The first experiment examined native English speakers’ ability to learn the phono-

logical forms of new words containing a consonant length distinction. The exper-

imental groups differed on whether their exposure included Roman orthographic

input, and if the orthography supported a length distinction. The three groups were

as follows: No Spelling (Control), Distinct Roman Spelling (DRS) and Same Roman

Spelling (SRS).

The previous experiments in Chapter Three (3) confirmed that learners utilize

the available orthographic information to assist in the perception of the length con-

trast. Following these results, it was expected that a similar pattern would emerge

during the lexical learning of the contrast. In particular, access to compatible Roman

orthography would result in an enhanced ability in encoding and retrieving words

that contained the distinction. Further, the exposure to incompatible orthographic

input was expected to interfere with the lexical learning of the length contrast and

lead to faulty lexical representations for the new words.

4.2.1 Methods

4.2.1.1 Participants

Seventy-five monolingual English speakers (55 females and 20 males) were recruited

from both the University of Alberta Department of Linguistics participant pool and

the Edmonton area to take part in the study. Four of the participants received $10

for their participation, and the remaining participants received course credit. The

mean age was 22.5 (SD= 7.7, range= 18-61). Participants reported no formal or in-

formal experience in languages that have phonemic length contrast. None of the

participants reported any hearing or speech impairments.
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4.2.1.2 Stimuli

The experimental materials consisted of 12 Arabic pseudo-words produced by a 38

year-old male native Arabic speaker from Dammam, Saudi Arabia. Six of the 12

words contained singleton consonants and the remaining six contained geminates.

The target consonants were the same ones used in the previous chapter (/m/ and

/n/). Each target consonant was embedded in a CVCV structure where the word

initial consonant was either /b/, /d/, /t/, /k/, /s/ or /l/; the vowels preceding

the target consonants were either /a/ or /u/; and the vowels following the target

consonants were either /a:/ or /u:/.

As previously noted, the acoustic correlates of gemination may include secondary

temporal manipulations of the neighboring vowels besides the primary durational

cue associated with geminate consonants. In Japanese, vowels preceding geminate

consonants are typically longer while vowels following geminates have shorter du-

rations (Idemaru & Guion, 2008). Perceptually, the length of vowels preceding gem-

inate stops is correlated with enhanced sensitivity; longer vowels tend to enhance

the perception of geminate stops (Takeyasu & Giriko, 2017). In Lebanese Arabic, the

pattern is reversed; only phonologically long vowels become shorter when they pre-

cede geminates, while short vowels lengthen following long consonants (Al-Tamimi

& Khattab, 2015). Based on the acoustic measurements of the training stimuli in

this experiment, the preceding vowel is slightly shorter before geminate consonants,

while the following vowel is lengthened. However, the duration of the consonant

remains the most consistent cue for gemination. Table 4.1 summarizes the duration

of the target consonants in addition to the preceding and the following vowels.

Each word was randomly paired with a visual referent displaying an object. The

pictured-meanings were retrieved from The Bank of Standardized Stimuli (BOSS)

(Brodeur, Guérard, & Bouras, 2014). In addition to pictured-meanings, the Roman

spellings of these words were provided to the orthography groups: For the Distinct

Roman Spelling group geminates were spelled with double letters and singletons
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TABLE 4.1: The duration (in milliseconds) of the segments in singleton and geminate contexts.
V1 refers to the vowel preceding the target consonant; C refers to target consonant; and V2 refers

to the vowel following the target consonant.

Singleton V1 C V2 Geminate V1 C V2

/lama/ 100 79 285 /lamma/ 65 234 316

/tana/ 121 66 375 /tanna/ 110 257 383

/suma/ 84 87 305 /summa/ 82 276 286

/kamu/ 94 98 275 /kammu/ 81 271 331

/duna/ 120 77 331 /dunna/ 105 263 349

/banu/ 123 76 264 /bannu/ 104 297 340

were spelled with a single letter, and for the Same Roman Spelling group both gem-

inate and singleton consonants were spelled with a single letter.

4.2.1.3 Training procedure

The design of the training procedure followed the word-learning paradigm imple-

mented in multiple studies that investigated the role of orthographic input in the

lexical encoding and retrieval of words containing nonnative speech sounds (Hayes-

Harb et al., 2010; Showalter & Hayes-Harb, 2013, 2015; Mathieu, 2016; Hayes-Harb

& Cheng, 2016; Showalter, 2018). The training consisted of two parts: (1) Learn-

ing phase followed by a (2) Criterion test. During the learning phase, all partici-

pants were presented with the auditory forms of the minimal pairs along with their

pictured-meanings. Each word was played while its corresponding image simul-

taneously appeared on the display screen and remained for 3 seconds before the

next word was presented. In the orthography groups, participants were addition-

ally exposed to the Roman spellings of these words, whereas the Control group saw

instead <XXX> along with each auditory token and its visual referent. In the com-

patible orthography group, geminates were spelled with double letters, while both

geminates and singletons were spelled with single letters in the incompatible or-

thography group (see Table 4.2 for an illustration). The spelling of each the auditory

item was placed below the corresponding image. The participants went through

four blocks of training and in each block the 12 words were presented randomly
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once, bringing the total number of learning trials to 48. An example of a trial is

presented in Figure 4.1.

TABLE 4.2: An example of the auditory and visual stimuli presented for each learning group.

Group
Auditory

item

Pictured-

meaning
Spelling

Control /kammu/ XXX

DRS /kammu/ kammu

SRS /kammu/ kamu

FIGURE 4.1: An example of a trial presented to the participants in the Distinct Roman Spelling
group during the learning phase. Participants heard the auditory form /tanna/ while simultane-

ously saw its pictured-meaning and spelling.

Once the learning phase concluded, participants performed a criterion test to

examine their ability to associate the auditory items with their corresponding im-

ages. The purpose of this test was to ensure that the phonological forms of the these

words were successfully learned. During each trial, participants heard a word and

saw an image on screen and had to indicate whether the auditory item matched the



Chapter 4. Orthographic Input and Lexical Learning 107

pictured-meaning by pressing the ’Yes’ or ’No’ buttons. The number of trials in the

criterion test was 24: 12 Matched items and 12 Mismatched items. The Matched

items consisted of auditory words that were paired with their correct pictured-

meanings; while the Mismatched items contained auditory items that were paired

with pictured-meanings of other auditory words that differed by multiple phonemes.

For instance, the auditory item /bannu/ was paired with the image of the word

/duna/ (See Table 4.3). Once the auditory item was presented with the pictured-

meaning, the picture stayed on the screen for three seconds, during which a re-

sponse had to be made. If no response was registered, the next stimuli were pre-

sented. Participants who reached 90% accuracy on the criterion test advanced to the

final test, and those who failed had to restart the learning phase and retake the test

until they reached the target score.

The experiment took place in a sound-attenuated booth where participants sat

in front of a computer screen and were fitted with over-the-ear headphones. Prior

to the start of the learning phase, the participants were told that they would hear

multiple words in an unfamiliar language and see their meanings as images on the

screen and also see their spellings in the orthography groups. The experiment was

conducted using the E-Prime 2.0 software (Psychology Software Tools, 2012). The

training and testing phases lasted an average of 30 minutes.

TABLE 4.3: An example of the auditory and visual stimuli pairing presented during the criterion
test.

List
Auditory

item

Pictured-

meaning

Correct

response

Matched /bannu/ Yes

Mismatched /duna/ No
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4.2.1.4 Final test

The final test aimed to examine learners’ ability to lexically encode the consonant

length contrast following exposure. Similar to the criterion test, learners were pre-

sented with an auditory item and a visual referent and had to decide if they matched

or not. However, the Mismatched list in the final test contained pairings of words

that were minimally contrastive. That is, each pair consisted of two items that only

differed in whether the word-medial consonant was a singleton or a geminate. For

example, in one of the trials, participants heard the word /bannu/ and saw the

pictured-meaning of the word /banu/. Table 4.4 provides an illustration. Partici-

pants completed 24 randomly presented trials (12 Matched; 12 Mismatched).

TABLE 4.4: An example of the auditory and visual stimuli pairing presented during the final test.

List
Auditory

item

Pictured-

meaning

Correct

response

Matched /banu/ Yes

Mismatched /banu/ No

4.2.2 Results

First, the three experimental groups required similar numbers of learning cycles to

reach the 90% threshold in the criterion test. The average number of learning cy-

cles for the Control group was 2.52 (SD= 1.62, range=1-6), while the average num-

ber of cycles for the Distinct and Same Roman Spelling groups was 2.64 (SD= 1.58,

range=1-8) and 2.41 (SD= 1.45, range=1-8), respectively.

For the final test, the accuracy scores for the three groups on Matched and Mis-

matched pairs are displayed in Figure 4.2. On Matched items, the proportions of

correct responses for the three groups were similar. Both the Control and Distinct
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Roman Spelling groups had the same mean accuracy score of 0.88 (SD= 0.32), while

the mean accuracy for the Same Roman Spelling group was slightly higher (M= 0.90,

SD= 0.30).

On Mismatched pairs, the accuracy scores of the three groups display different

distributions. For the Control group, the accuracy scores exhibits a unimodal distri-

bution, with the mean proportion of correct responses at 0.28 (SD= 0.19, range= 0-

0.73). The distribution of the accuracy scores for the Distinct Roman Spelling group

has a higher range (0.09-1) and seems to display two modes; one at around 0.35 and

the other at 0.75, with the mean proportion of correct responses occurring at 0.46

(SD= 0.25). Finally, the distribution for the Same Roman Spelling group displays a

range similar to the Control group (0-0.73); however, the distribution is thicker at

the lower end and almost shows a uniform shape until it narrows at around 0.35,

with the mean at 0.25 (SD= 22).

FIGURE 4.2: A combined plot representing the accuracy of the Control group, the Distinct Roman
Spelling group (DRS) and the Same Roman Spelling group (SRS) on Matched and Mismatched
items. The plot contains probability distributions (split-half violin); box-plots and means with

standard errors for each group. Data from each individual are represented as points.
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To examine whether the exposure to familiar orthographic information was asso-

ciated with the lexical encoding of the length contrast, a mixed-effect logistic regres-

sion model was fitted in R using the lme4 package (Bates et al., 2015). The outcome

variable was the response to the auditory-picture matching task (YES vs. NO) for

Mismatched items1. The best fitting model, which was determined by the likelihood

ratio test, contained only GROUP (Control vs Distinct Roman Spelling and Same Ro-

man Spelling) as the fixed effect. CYCLE (the number of learning cycles required to

advance to the final test) did not improve the model fit and, thus, was eliminated.

The random effects were SUBJECT and ITEM. A summary of the model is provided

in Table 4.5.

TABLE 4.5: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy of participants on the auditory-picture matching task. The reference level for

GROUP is Control and the reference level for PAIR TYPE is Matched

.
Estimate Std. Error z value Pr(>|z|)

(Intercept) -1.079 0.237 -4.554 0.000
DRS 0.887 0.326 2.722 0.006
SRS -0.254 0.336 -0.757 0.449

The model revealed that learners who had access to compatible orthographic

representations of the stimuli were significantly more likely to respond "NO" to the

Mismatched auditory and pictured-meaning than the Control group. The odds of

accurately distinguishing between the minimal pairs for the Distinct Roman Spelling

group (DRS) were 2.43 times that of the Control group (CI 95%: 1.82-4.6). The model

did not show any significant difference between the performances of learners in

Same Roman Spelling and the Control groups. To examine the difference between

the two orthography groups, the reference level for GROUP was set to Same Roman

Spelling (SRS). The results showed that learners who were exposed to compatible

spellings were significantly more likely to respond "NO" to the Mismatched items

than learners who were presented with incompatible spellings (β= 1.14, SE= 0.33,

p<0.001). The odds of accuracy for the Distinct Roman Spelling group (DRS) was

1Analysis of Matched items revealed no significant difference between the three groups.
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3.13 times greater compared to the Same Roman Spelling group (SRS) (CI 95%: 1.64-

6.01). Figure 4.3 displays the predicted probabilities for each learning group.

FIGURE 4.3: Predicted probabilities from the mixed-effects logistic results modelling the likeli-
hood of performance accuracy on Mismatched items for the three groups, as presented in Table

4.5. The probabilities are presented with 95% confidence interval.

4.2.3 Discussion

The purpose of this experiment was to determine if familiar orthographic input

impacts learners’ ability to establish and subsequently use distinct lexical repre-

sentations for the length contrast. Specifically, the experiment sought to examine

whether presenting the auditory forms and pictured-meanings with compatible and

incompatible spellings influences learning the phonological forms of new words. It

was predicted that the impact of orthography on lexical learning would parallel

its impact on perceptual learning. That is, access to compatible Roman orthography

would enhance learners’ accuracy in learning the new words and the exposure to in-

compatible orthography would interfere with learners’ ability to accurately match

the auditory forms with their corresponding images. These predictions were par-

tially confirmed.

First, as predicted, the presence of a familiar orthographic input that marked

the length distinction increased learners’ ability to establish lexical representations
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for the length contrast. Learners who received such exposure significantly outper-

formed those who received no orthographic input or received spellings that did not

mark the contrast. Second, contrary to prediction, presenting learners with identical

spellings of the length contrast led to performances similar to the Control group.

The effect of incompatible orthographic input was neutral; it neither helped nor in-

hibited the lexical encoding and retrieval of the length contrast.

However, upon closer inspection of the data from the two groups, individual

performances within each group vary greatly. Almost all participants who com-

pletely failed to associate the auditory forms with their correct meanings on Mis-

matched items belonged to the Same Roman Spelling group (7 out of 8 participants).

This indicates that learners who received identical spellings of the length contrast

may have relied on different strategies to resolve the learning difficulty. It is plausi-

ble that the incompatible orthographic input was partially responsible for the failure

of these learners to establish separate lexical representations for the length contrast.

Further discussion is provided in Section 4.4.

4.3 Experiment Two

The second experiment investigated the the effects of unfamiliar orthographic in-

formation on the lexical encoding of the consonant length contrast. In particular,

instead of the familiar Roman script, learners were exposed to Arabic spellings of

the auditory forms. To this end, two additional experimental groups were designed:

Distinct Arabic Spelling (DAS) and Same Arabic Spelling (SAS). The previous exper-

iment revealed that learners utilized the congruent Roman script to establish distinct

lexical representations for the length contrast; however, when the script did not sup-

port the contrast, access to the the orthographic input failed to induce any significant

learning effect.

In light of these results and the results of the previous chapter, it was predicted

that a similar pattern would emerge. As shown in Chapter 3, learners could exploit
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the Arabic script to aid the perception of the length distinction. In fact, both Ro-

man and Arabic scripts had similar effects on learners’ perceptual sensitivity to the

length contrast following exposure. Thus, it was expected that compatible Arabic

orthography would enhance learners’ ability to lexcially encode the contrast. For in-

compatible Arabic spellings, it was predicted that the presence of identical spellings

for the minimal pairs would hinder learners’ ability to learn the phonological forms

of the new words.

4.3.1 Method

4.3.1.1 Participants

Fifty monolingual English speakers (42 females and 8 males) were recruited from

the University of Alberta Department of Linguistics participant pool and received

course credit for their participation. The mean age of the participants was 19.8

(SD=2.8, range= 17-34). A post-experiment questionnaire confirmed that none of

the participants had any significant experience with languages that utilize length

contrast phonemically or expressed any knowledge of the Arabic writing system.

There were no reports of speech or hearing impairments.

4.3.1.2 Stimuli

The same pseudo-words and their pictured-meanings were used in this experiment.

Instead of Roman spellings, the participants were presented with the Arabic written

representations of these words. In order to avoid further confusion, short vow-

els were not presented orthographically—Arabic short vowels are optionally repre-

sented with diacritics. In Arabic, geminate consonants are orthographically marked

with the addition of a diacritic placed above the letters. For instance, the auditory

form /bannu/ is spelled in Arabic as <ñ
�	
JK.>, whereas /banu/ is spelled as <ñ

	
JK.>.
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4.3.1.3 Training procedure

The training phase in this experiment was similar to the one described in 4.2.1.3.

The only difference was the type of script presented to learners in both groups. For

the Distinct Arabic Spelling group, the difference between the long and short con-

sonants was indicated by adding a diacritic above the long consonant. In contrast,

both long and short consonants were spelled identically for learners in the Same

Roman Spelling group. For example, the auditory forms /bannu/ and /banu/ were

spelled as <ñ
	
JK.> ( Table 4.6 provides another example). Prior to the experiment,

participants were instructed about the direction of the writing system. Participants

were required to achieve 90% accuracy on the criterion test before they could ad-

vance to the final test.

TABLE 4.6: An example of the auditory and visual stimuli presented for each learning group.

Group
Auditory

item

Pictured-

meaning
Spelling

DAS /kammu/ ñ
�
Ò»

SRS /kammu/ ñÒ»

4.3.1.4 Final test

The final test was identical to the one described in the previous experiment.

4.3.2 Results

On average, learners in the Distinct Roman Spelling group required 2.64 learning

cycles to advance to the final test (SD= 0.84, range= 2-5), while it took learners in the

Same Roman Spelling group an average of 3.15 learning cycles (SD= 1.75, range=

1-8) to reach 90% in the criterion test. As reported in the previous experiment,
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the average number of learning cycles for the Control group was 2.52 (SD= 1.62,

range=1-6).

The distributions of accuracy scores for the both groups along with the Control

group—the same group from Experiment One—on Matched and Mismatched pairs

are shown in Figure 4.4. For the Matched items, all groups display higher perfor-

mances compared to Mismatched items. The mean accuracy score for the Control,

Distinct and Same Arabic Spelling groups is 0.88 (SD= 0.32), 0.90 (SD= 0.10) and

0.87 (SD=0.09), respectively. On Mismatched items, the distributions of both groups

show higher ranges of accuracy and more variability than the distribution of the

Control group. When comparing their distributions, both orthography groups ex-

hibit slightly different patterns; the distribution of the accuracy scores for the Dis-

tinct Arabic Spelling group is denser than that of the Same Arabic Spelling group

at the upper end of the distribution. In addition, the mean accuracy score of the

Distinct Arabic Spelling group (M= 0.32, SD= 0.27) is slightly higher than both the

Same Arabic Spelling group (M= 0.30, SD= 0.26) and the Control group (M= 0.28,

SD= 0.19).
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FIGURE 4.4: A combined plot representing the accuracy of the Control group, the Distinct Arabic
Spelling group (DAS) and the Same Arabic Spelling group (SAS) on Matched and Mismatched
items. The plot contains probability distributions (split-half violin); box-plots and means with

standard errors for each group. Data from each individual are represented as points.

To examine whether the Arabic orthographic exposure was associated with the

lexical encoding and the subsequent retrieval of words containing the length con-

trast, the responses to auditory-picture matching task for the three groups on Mis-

matched items 2 were analyzed using a mixed-effects logistic regression model. The

final model contained GROUP (Control vs. Distinct Roman Spelling and Same Ro-

man Spelling), CYCLE (the number of learning cycles) and their interaction as fixed

effects. Including CYCLE and its interaction with GROUP in the model was deter-

mined by the likelihood ratio test which confirmed that the number of learning

cycles impacted the performances of these groups differently. SUBJECT and ITEM

served as random effects. In order to simplify the interpretation of the model coeffi-

cients, the value for CYCLE was mean-centered. Table 4.7 summarizes the model.

The model reveals no significant differences in accuracy between learners who

were exposed to either compatible or incompatible Arabic script and the Control

2No significant difference was found between the three groups on Matched items.
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TABLE 4.7: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy of participants on the auditory-picture matching task. The reference level for

GROUP is Control. The value for CYCLE is mean-centered

.
Estimate Std. Error z value Pr(>|z|)

(Intercept) -1.088 0.238 -4.578 0.000
DAS 0.220 0.336 0.653 0.514
SAS -0.095 0.340 -0.278 0.781
Cycle -0.044 0.147 -0.297 0.766
DAS:Cycle 0.748 0.311 2.408 0.016
SAS:Cycle 0.107 0.199 0.539 0.590

group. However, When inspecting the interaction between GROUP and CYCLE, the

model revealed that the number of learning cycles was significantly associated with

the accuracy scores for the Distinct Arabic Spelling group. A one unit increase in the

number of learning cycles led to a significant increase in the likelihood of respond-

ing "NO" on Mismatched items compared to the Control group. That is, for every

additional learning cycle, the odds of an accurate response for the Distinct Arabic

Spelling group increased by a factor of 2.11 (CI 95%: 1.15-3.88) compared to those

who received no orthographic input. An illustration of the interaction is shown in

4.5.

FIGURE 4.5: Predicted probabilities from the mixed-effects logistic results modelling the interac-
tion between GROUP and CYCLE, as presented in Table 4.7. The probabilities are presented with

95% confidence interval.
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4.3.3 Discussion

The aim of the current experiment was to determine if the exposure to unfamiliar

orthographic input would have the same effect observed with Roman script in the

previous experiment. The participants were trained on the same stimuli, except

that the auditory forms were represented orthographically in Arabic. Based on the

results obtained in Chapter 3, it was predicted that learners would not experience

difficulty with the Arabic script and thus would use the available orthographic input

to learn the new words. The findings of the current experiment paint a complex

picture. On the face of it, the effects of Arabic script look to be insignificant in either

aiding or hindering the lexical learning of the length contrast. The performances of

both Arabic groups matched that of the Control group.

However, as the number of learning cycles increased, learners who were exposed

to compatible Arabic spellings were more successful in establishing lexical repre-

sentations for the length contrast. A possible explanation of this pattern points to

an initial difficulty experienced by learners in processing the Arabic script, and with

every additional learning cycle the orthographic regularities of the Arabic script be-

came less complex. This way, learners who went through multiple learning cycles

had more chance to associate the orthographic labels with the auditory forms. Fur-

ther discussion is provided in the next section.

4.4 General discussion

This chapter investigated the role of orthographic information in the formation of

nonnative phonemic representations at the lexical level. In line with the previ-

ous chapter, two experiments were designed to examine the effects of orthographic

compatibility and familiarity on the lexical learning of consonant length contrast by

monolingual English speakers.
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The first research question asked whether access to compatible familiar orthogra-

phy facilities the lexical encoding of the length contrast. The findings of Experiment

One confirmed that the availability of distinct Roman orthographic labels for single-

tons and geminates (e.g., the auditory form /banu/ was spelled as <banu>, while

/bannu/ was spelled as <bannu>) significantly improved the accuracy of learners in

matching the auditory forms with their corresponding pictured-meanings. The im-

provement was measured in comparison to both learners who had no orthographic

exposure and those who were presented with identical Roman spellings for short

and long consonants. This suggests that lexical representations of nonnative speech

sounds can be reinforced by familiar orthographic input. This finding mirrors those

of the previous studies that have examined the enhancing effect of congruent famil-

iar orthography on the lexical encoding and retrieval of nonnative speech sounds

(Escudero et al., 2008; Escudero et al., 2014; Showalter, 2018).

More relevant to the current investigation, this outcome, however, is contrary to

Mathieu (2014) who found that access to Roman spellings that signaled the pres-

ence of a short consonant with a single letter and a long consonant with double

letters failed to lead to a more accurate lexical representations of the length contrast.

This inconsistency is likely related to the differences in duration ratios used in both

studies. In Mathieu (2014), the ratio between singleton and geminate consonants

ranged from 2.2 to 3 (average= 2.5); while the consonant duration ratio used in the

current experiments ranged from 2.7 to 3.9 (average= 3.4). Of more significance, the

durations of the geminate consonants in the current experiments were longer by an

average of 84 (ms). This slightly amplified temporal contrast—compared to Math-

ieu (2014)—between singleton and geminate consonants likely made the durational

difference more salient and subsequently facilitated the establishment of distinct

lexical representations for the length contrast in this study.

The second research question was whether the presence of incompatible Roman

script would interfere with the lexical learning of the length contrast. In experiment
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one, a group of learners were exposed to identical Roman orthographic represen-

tations of both short and long consonants (both presented with single letters). The

findings reveal, overall, no significant difference in the accuracy of encoding the con-

trast between these learners and learners who had no orthographic exposure, which

indicates that incompatible Roman script exerts no effect on the lexical representa-

tions of the length contrast. This observed neutral effect of the orthographic forms

may be due to their competition with more reliable visual cues (pictured meanings)

that informed learners about the nature of the auditory forms. In the experiment,

learners were tasked with matching the auditory forms with their corresponding

meanings, and since the orthographic forms contained uninformative cues, learn-

ers chose to rely on them less. However, a sizable number of learners who were

presented with identical Roman orthographic labels for the length contrast seems to

exhibit a complete dependency on the orthographic cues during exposure. A closer

look at the accuracy scores show that 7 participants failed to successfully recognize

any of the Mismatched items compared to only one in the Control group. This may

indicate that learners adopt different strategies when processing multiple cues. It is

plausible that those who failed to register any correct response on the Mismatched

items were mainly driven by the absence of distinctive orthographic labels for the

length contrast.

The final research question in this chapter was whether a similar pattern would

emerge if learners were exposed to unfamiliar script. Experiment two was designed

to train learners on the same words using Arabic script. One group of learners were

presented with distinct Arabic spellings of the length contrast in which long conso-

nants were distinguished by the addition of a diacritic placed over letter (e.g., the

auditory form /banu/ was spelled as <ñ
	
JK.>, whereas /bannu/ was spelled as <ñ

�	
JK.>).

The other group was presented with identical Arabic spellings for both short and

long consonants (both spelled without the diacritic). The pattern shown in this ex-

periment is more complex than the one established in Experiment One. Overall, the

findings suggest that learners ignored the orthographic information as evidenced
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by the similar accuracy scores achieved by both Arabic script groups in comparison

to those who had no orthographic access. While this pattern answers the question

straightforwardly, the interaction between the length of the exposure and learning

group provides a more nuanced account of the effect of compatible Arabic script on

learners’ lexical representations of the length contrast. The results of the analysis in-

dicated that in general learners exposed to distinct Arabic spellings for singleton and

geminates failed to accurately encode the contrast; but unlike the other groups, the

performance of the compatible Arabic orthography group significantly improved

with every additional learning cycle.

There are two possible scenarios that could account for this significant associ-

ation. First, it might be the case that learners attempted to utilize the unfamiliar

orthographic cues from the onset of exposure, but initially experienced confusion

when trying to decode the Arabic script and use it to learn the new words, sub-

sequently failing to pass the criterion test. With more exposure, learners started

to recognize the Arabic orthographic patterns better, including the diacritic that sig-

naled the presence of long consonants. This added exposure eventually helped them

encode the length contrast more accurately.

The second possibility is that, overall, learners ignored the Arabic orthographic

cues and attempted to learn the novel words by associating the auditory forms with

their corresponding pictured-meanings. Those who experienced persistent failure

to advance to the final test were forced to resort to the orthographic cues in order

to strengthen those associations. This might explain why no differences were de-

tected between the two Arabic groups and the Control group when measuring the

accuracy scores at the mean number of learning cycles. Those who required fewer

learning cycles may have relied on the auditory forms and their pictured-meanings

to perform the task rather than the orthographic representations of these words.

This pattern has not been reported before since most of the data analysis conducted

in previous studies has not considered the number of exposure cycles required as
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a predictor for the accuracy scores on the auditory-picture matching task. Prior re-

search has shown that unfamiliar orthographic input in general does not exert any

influence in the lexical learning of nonnative contrasts (Mathieu, 2014; Showalter

& Hayes-Harb, 2015; Hayes-Harb & Hacking, 2015), and in some cases may in fact

negatively interfere with learning (Mathieu, 2016). The current findings reveal that

a subset of learners who had access to Arabic script displayed a significantly en-

hanced ability to encode the contrast lexically. This further suggests that, as shown

in Chapter 3, the unfamiliar Arabic script poses no inherent difficulties or learning

constraints for native English speakers. Thus, it is possible to think that having a

basic prior knowledge about the Arabic orthographic system or increased exposure

would exert more influence on learners’ ability to establish accurate lexical repre-

sentations for the length contrast than what have been observed in experiment two.

In conclusion, this chapter examined the effects of orthographic input on the ac-

quisition of consonant length contrast at the lexical level. In line with the previous

chapter, two orthographic variables were manipulated: Familiarity and compatibil-

ity. The findings suggest that familiar orthographic information facilitates the lexi-

cal encoding and the subsequent retrieval of words containing the length contrast,

while the effects of incompatible orthographic input are mostly neutral and may

negatively affect some learners. Further, unfamiliar orthographic input may require

more exposure in order to enhance the lexical representations of the contrast.
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Chapter 5

Conclusion

5.1 Introduction

Learning the phonology of a second language is a highly complex process. Different

variables—both linguistic and non-linguistic—combine to influence the acquisition

of nonnative speech sounds. This dissertation has examined the relative contribu-

tion of the orthographic input in the acquisition of nonnative speech sounds. Specif-

ically, a systematic analysis of the interaction between orthographic information and

nonnative speech sounds has been conducted to evaluate native English speakers’

ability to perceive and lexically encode the length contrast. Multiple experiments

were designed to address the following questions:

1. Does the exposure to orthographic cues bolster the distributional and lexical

learning of the consonant length contrast?

2. If the orthographic information contradicts other distributional or lexical cues,

does orthography override the effect of these cues in a similar way?

3. Does the level of familiarity with L2 orthography determine the learning out-

come? If the target language employs an unfamiliar alphabet with diacritics,

does the availability of diacritics neutralize or even reverse the negative influ-

ence of unfamiliar orthography in L2 phonemes?



Chapter 5. Conclusion 124

The following section summarizes the main findings and attempts to answer the

research questions posed in this dissertation.

5.2 Summary of the main findings

5.2.1 Orthographic influence at two different levels of representa-

tion

The findings in this dissertation suggest that orthographic input affects both the

perceptual and lexical representations of the consonant length contrast. Chapter

3 demonstrates that the availability of Roman orthographic labels aided the learn-

ing of novel sound categories (a summary table of the results in Chapter 3 is pro-

vided in 5.1). The effect was evident in both the formation of a single category per-

ception and the two-category length distinction. Regarding the former, as demon-

strated in Chapter 2, the unimodal distribution alone was insufficient in guiding

learners to perceive the singleton and geminate consonants as members of the same

category. Rather, learners’ performance indicated a high degree of discrimination

between short and long consonants. Only when combining the unimodal train-

ing with matching Roman orthographic information was the discrimination of the

length contrast significantly poorer, indicating a single length category had been es-

tablished. For the latter, pairing the bimodal distribution with Roman orthographic

input boosted the discrimination of the consonant length contrast. In this case, learn-

ers utilized both the distributional and orthographic information to robustly form

two distinct length categories.

Chapter 4 reveals that access to Roman orthographic input enhances the lexical

representation of the length contrast. In an auditory-picture matching task, learn-

ers who were exposed to auditory forms with their pictured meanings performed

significantly worse than those who were additionally presented with the Roman

spellings of these forms. Together, these results indicate that familiar orthographic
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TABLE 5.1: A summary of the performance of the experimental groups in the perceptual learning
task. Accuracy level is divided into four categories: Low, medium, high, very high. A group
performance level was determined to be low if the accuracy is significantly lower than the Control
and the Unimodal groups; and very high if the accuracy is significantly higher than the Control

and the Bimodal groups.

Group Distribution Orth. Compatibility Orth. Familiarity Accuracy

Control None None None Medium

Unimodal Unimodal None None High

Bimodal Bimodal None None High

USRS Unimodal Compatible Familiar Low

BDRS Bimodal Compatible Familiar Very high

UDRS Unimodal Incompatible Familiar High

BSRS Bimodal Incompatible Familiar Medium

USAS Unimodal Compatible Unfamiliar Low

BDAS Bimodal Compatible Unfamiliar High

UDAS Unimodal Incompatible Unfamiliar High

BSAS Bimodal Incompatible Unfamiliar Medium

information facilitates the formation of accurate perceptual and lexical representa-

tions for the length contrast.

5.2.2 The influence of contradictory orthographic information in

the perceptual and lexical representations of the length con-

trast

The results of this dissertation indicate that contradictory orthographic information

affects the distributional and lexical learning of the consonant length contrast differ-

ently. The first experiment in Chapter 3 manipulated the consistency between the

distributional information and Roman orthographic input, resulting in two condi-

tions: One group was exposed to a unimodal distribution in which the target con-

sonant in tokens 1-5 was spelled with a single letter and in tokens 6-10 was spelled

with double letters, while the other group was exposed to a bimodal distribution

represented orthographically with the same spelling. The conflict between the two

sources of information was mainly resolved through orthographic input; learners
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established their perceptual categories based on whether the available written rep-

resentations supported a single category or two-category length perception. Those

who received a unimodal distribution paired with two distinct orthographic labels

for the auditory tokens perceived the length contrast with higher accuracy, and

those who were trained on a bimodal distribution represented with the a single or-

thographic label for the target consonant discriminated the length contrast with sig-

nificantly less accuracy. However, the categories established via the misalignment

between distributional information and orthographic input appeared to be slightly

less robust than the ones created when both sources of information were aligned.

For instance, in groups that were presented with orthography which denoted the ex-

istence of a single length category (i.e., both long and short consonants had the same

spellings), only those who had the unimodal training exhibited significantly less ac-

curacy in discriminating the length contrast than the Control group. Likewise, in

groups that were exposed to orthography which indicated the existence of a length

distinction (i.e., long and short consonants had two distinct Roman spellings), those

who had the bimodal exposure showed a significantly higher accuracy in the dis-

crimination of the length contrast than those who received the unimodal training

(only on trained items). These results indicate that, overall, the influence of statisti-

cal information in guiding learners perception is relatively limited when competing

with explicit information. The presence of orthographic cues seems to constrain the

distributional learning of nonnative speech sounds.

This tendency for orthographic information to regulate distributional learning

relates to the differential learning mechanisms that are dominant in infant and adult

language acquisition. While infants construct their perceptual categories implicitly

(Pierrehumbert, 2003; Bergmann, Tsuji, & Cristia, 2017), possibly by utilizing the

available statistical information (Maye & Gerken, 2000; Maye et al., 2008; Yoshida

et al., 2010; Cristià et al., 2011), adults seem to rely more on explicit information

to establish nonnative sound categories (Archila-Suerte, Zevin, Bunta, & Hernan-

dez, 2012). Unlike infants, adults’ mature cognitive abilities allow the processing of
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high-level information during learning (White, Hutka, Williams, & Moreno, 2013).

Thus, when the two types of cues interact, explicit information initiates the "regis-

tration of pattern recognizers for constructions" which are subsequently fine-tuned

by implicit information (N. C. Ellis, 2005). In the context of the current results, ortho-

graphic cues are considered high-level/explicit information relative to the distribu-

tional cues. Recognizing orthographic patterns does not require extensive exposure

the way recognition of distributional patterns does. In addition, learning the ortho-

graphic cues of the auditory forms is a conscious visual process in contrast to the

unconscious nature of the distributional learning of these auditory forms. Learn-

ers exposed to orthographic information along with distributional cues derive their

knowledge about the structure of the target contrast from the orthographic cues and,

subsequently, proceed to utilize distributional information to refine the acquired cat-

egories. That is, orthographic cues appear to trigger the formation of L2 categories

by determining whether a single or two separate categories should be established

for the target stimuli. If the written representations provide no support for a length

contrast, learners regard length duration as irrelevant within-category information

despite what the distributional information conveys. However, if the orthographic

information provides two distinct written representations for the length stimuli,

learners encode the length contrast phonemically even if the most frequent audi-

tory items represented by two distinct orthographic labels are perceptually indis-

tinguishable. The dominance of orthographic cues in guiding perceptual learning

does not entail that the role of distributional input is inconsequential in nonnative

phonological development. As previously illustrated, compatible distributional and

orthographic information leads to more robust and refined perceptual categories

than incompatible distributional and orthographic input. This has been attested in

both single and two-category perception. Thus, while orthographic cues may de-

termine the number and the shape of the acquired perceptual categories, low-level

matching distributional information continuously fine-tunes these categories.

This reliance on orthography to induce learning is particularly contrasted when
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looking at the effects of orthographic cues on the lexical learning of consonant length

contrast. In Experiment 4.2 of Chapter 4, a group of learners was exposed to multi-

ple words containing short and long consonants along with their pictured-meanings.

Crucially, the orthographic representations of these words conveyed no useful in-

formation about the nature of the target contrast; both short and long consonants

had the same spellings. The picture-auditory matching task revealed no signifi-

cant difference between those who received such exposure and those who were pre-

sented with only the auditory forms and their pictured-meanings, indicating that

incompatible orthography does not interfere with the lexical encoding of the length

contrast—contrary to its influence in constraining distributional learning. A plau-

sible explanation of this apparent lack of effect is that orthographic cues compete

with high-level lexical information in informing the learners about the status of the

length feature. Through minimal pair analysis, learners realize that the length fea-

ture is important in the target language because it cues meaning distinctions, and

since the orthographic input does not distinguish between short and long conso-

nants, they generally choose to ignore it.

However, there are still other alternative explanations for the discrepancy in the

role of orthography at the perceptual and lexical levels. First, the two learning tasks

put different demands on the working memory. In perceptual learning, subjects

listened passively to tokens containing the length contrast, and their assessment

involved judging whether two auditory items belong to one or two separate cat-

egories. The word learning task, on the other hand, involved actively learning to

associate nonnative auditory forms with their meanings presented as visual refer-

ents, which requires higher cognitive resources.

Another possible cause for the differential influence of contradictory orthographic

input in perceptual and lexical learning relates to the frequency with which or-

thographic cues were encountered in each task. In the perceptual learning, ortho-

graphic input was present in 400 trials, while the number of trials in which ortho-

graphic cues were shown ranged from 24 to 192 in the word learning task. This
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considerably lower exposure time, particularly for those who required fewer learn-

ing cycles to pass the criterion test, may have contributed to the lack of interference

of the orthographic information with the lexical encoding of the consonant length

contrast.

Finally, the difference in the visual prominence of the orthographic stimuli in

both experiments could explain the limited effect of the contradictory orthography

in the lexical learning task. In the distributional learning task, the only visual stim-

ulus present was the orthographic input which occupied the center of the screen

during the learning phase (see Figure 3.3 for an illustration). In the lexical learning

task, however, the orthographic input occupied the bottom of the screen due to the

presence of the pictured-meanings as shown in Figure 4.1. The less prominent posi-

tion as well as the competition with real life visual referents could have constrained

the influence of the the contradictory orthographic input in the lexical encoding of

the length contrast.

5.2.3 Orthographic familiarity

A main research question of this dissertation concerns whether unfamiliar ortho-

graphic input has an adverse impact on learners’ ability to perceive and lexically

encode the consonant length contrast. The findings suggest otherwise. Arabic or-

thographic input paired with distributional cues produced a pattern similar to the

familiar Roman orthographic input. The difference was one of degree: The impact

of the unfamiliar Arabic input on learners’ perceptual ability was less robust, espe-

cially in supporting a two-category length distinction. Learners who were exposed

to bimodal distribution that was represented orthographically with matching Ro-

man spellings were significantly better at discriminating the length contrast than

those who received bimodal distribution only, a feat that was not achieved with
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Arabic orthography. In other cases, the effects of Arabic spellings matched the ef-

fects of Roman written cues on learners’ perception of the length contrast. For in-

stance, presenting learners with a bimodal distribution paired with incompatible

Arabic spelling produced the same learning outcome obtained with incompatible

Roman spellings: Learners inferred a single length category. In lexical learning, the

impact of unfamiliar orthography on learners’ ability to establish accurate lexical

representations is not as straightforward. Learners may require more exposure to

the unfamiliar orthography in order to utilize it when learning nonnative speech

sounds. Experiment Two of Chapter 4 (4.4) investigated whether Arabic orthog-

raphy would facilitate learning the phonological forms of novel words containing

the length distinction. Overall, the results showed no improvement in the lexical

encoding and retrieval of the contrast compared to the Control group. However,

there was a significant association between the length of exposure and the accuracy

scores: Learners who had an extended exposure performed significantly better at

matching auditory forms containing the length contrast with their correct pictured-

meanings. These findings suggest that unfamiliar orthography in general poses no

inherent difficulties during the course of phonological development. Learners are

expected to overcome the initial confusion and rapidly learn to map the unfamiliar

orthographic labels with their phonemic referents. This result is contrary to earlier

studies that reported no improvement gained by the exposure to Arabic orthogra-

phy in the lexical encoding of nonnative speech sounds (Showalter & Hayes-Harb,

2015; Mathieu, 2016). A possible confounding factor in these studies was the rel-

ative difficulty of the nonnative contrasts (/k/-/q/ in Showalter and Hayes-Harb,

2015 and /è/-/X/ in Mathieu, 2016), which might have rendered the access to the

Arabic spellings less helpful. One additional point to note in these studies is the lack

of measure of the potential association between the length of exposure —the num-

ber of learning cycles required to pass the criterion test—and the accuracy scores,

which might have masked any advantage for the increased exposure in learning the

phonological forms of new words.
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5.2.4 Individual differences

A major characteristic of the results in this dissertation was the considerable amount

of variation observed among learners both in the perceptual and lexical learning of

the consonant length contrast. Adult learners vary greatly in their ability to success-

fully acquire a second language due to multiple factors including cognitive abilities

(Darcy, Park, & Yang, 2015; Lev-Ari & Peperkamp, 2013) (see R. Ellis, 2004, for a

general review).

Of relevance to the current research is the variability in performance observed

among the experimental groups that were exposed to contradictory orthographic

input. Specifically, different patterns emerged mirroring the ways learners utilized

the available cues to resolve the learning difficulty. In the perceptual learning task,

those who were trained on the bimodal distribution of the consonant length contrast

and simultaneously were presented with Roman written representations indicative

of a single length category exhibited more variability in their accuracy scores. Ta-

ble 5.2 shows the percentages of learners in each group whose accuracy scores were

either very low (0-0.25), low (0.26-0.5), intermediate (0.51-0.75) or high (0-76-1). As

can be noted, 52.4% of the learners in the BSRS group (Bimodal Incompatible Ro-

man Orthography) showed very low discrimination of the length contrast (57.2%

scored below or at chance level), while 38% achieved high accuracy scores in their

perception of the contrast (42.8% scored above chance level).

This wide spread of accuracy scores in which the majority of learners exhibited

either very low or high accuracy is generally not reflected in other groups. For in-

stance, the majority of learners who were exposed to the same orthography coupled

instead with a unimodal distribution performed at or below chance level (80%).

Thus, it is reasonable to assume that the variability of the accuracy scores in the

BSRS group is specifically related to learners’ interaction with the language input

rather than other sources of inter-individual differences. Despite the contradictory
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TABLE 5.2: Distribution of the percentages of learners in each groups across four accuracy inter-
vals: Very low (0-0.25), Low (0.26-0.5), Intermediate (0.51-0.75) and High (0.76-1).

Group Very low
(0-0.25)

Low
(0.26-0.5)

Intermediate
(0.51-0.75)

High
(0.76-1)

Control 44% 17% 2.4% 36.6%

Unimodal 15% 20% 15% 50%

Bimodal 15% 0% 15% 70%

USRS 60% 20% 5% 15%

BDRS 0% 10% 0% 90%

UDRS 0% 0% 15% 85%

BSRS 52.4% 4.8% 4.8% 38%

USAS 55% 20% 10% 15%

BDAS 0% 14.3% 9.5% 76.2%

UDAS 4.8% 4.8% 23.8% 66.6%

BSAS 60% 20% 0% 20%

orthographic cues, a subset of learners exhibited sensitivity to the distributional in-

formation, leading to more accurate discrimination of the length contrast. The other

subset derived their knowledge about the status of the auditory stimuli exclusively

from the orthographic cues, undermining the influence of distributional informa-

tion. This level of variance in the accuracy scores provides evidence that learners

respond differently to contradictory input; while for the majority of learners high

level information determines the learning outcome, low level forms can influence

or even shape the learned categories for a considerable number of learners.

Although it is beyond the scope of this dissertation to precisely describe the cog-

nitive mechanisms underlying the observed pattern, it is worth revisiting the ex-

planation offered in the previous section about the interaction between written cues

and distributional information. In general, adults’ mature cognitive abilities entail

that high level information takes precedence over lower level cues (White et al.,

2013); however, as the results suggest, not all learners exhibit the same learning
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dynamic. Specifically, the extent to which orthographic information shapes distri-

butional input is different for these learners. That is, distributional learning seems

to drive the establishment of two distinct categories for the length contrast, thereby

blocking orthographic input that would typically lead to a single length category

perception. This observation indicates that learners exposed to the same input may

fundamentally differ in the way they process conflicting information. The same

learning mechanism infants employ when learning their first language may also be

employed by adults learning nonnative speech sounds. This is particularly interest-

ing given that these learners have simultaneous access to orthographic cues which

offer a more straightforward pathway to learning the target speech sounds. It can be

thus suggested that while high-level information dominates learning in nonnative

phonological development, for some learners, distributional learning still operates

unaffected by higher level information such as orthographic cues. The co-existence

of both learning mechanisms supports the view that adult learners utilize both high-

level and low-level information when exposed to varied input, with some learners

showing propensity to form nonnative categories based on low level cues (White

et al., 2013).

Interestingly, the same degree of variation among learners exposed to contra-

dictory input has not been attested in groups that were exposed to unimodal dis-

tribution along with two distinct orthographic labels for the length contrast. This

discrepancy could be attributed to learners’ weak sensitivity to the unimodal dis-

tribution as evidenced by their high accuracy on the discrimination task following

training. The only exposure that resulted in a somewhat similar pattern was the

bimodal distribution represented orthographically with a uniform Arabic spelling.

While the majority of learners (60%) scored very low on the discrimination task indi-

cating that they based their perception on the orthography, a small subset of learners

(20%) displayed high accuracy.

For the lexical learning task, the analysis of the individual differences indicates
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a similar pattern; learners who were exposed to conflicting orthographic input dis-

played variability in the lexical encoding and retrieval of the length contrast. In

particular, although learners in the Control group and those who were presented

with contradictory Roman orthography and auditory forms along with their pic-

tured meanings showed similar accuracy scores, 7 learners in the contradictory or-

thography group failed to lexically encode any test pair compared to only one in

the Control group. This comparatively high number cannot be attributed only to

individual differences unrelated to the exposure. Clearly, the inconsistent ortho-

graphic information negatively interfered with learners’ ability to establish any lex-

ical representation for the length contrast. For these learners, orthographic cues

were given prominence in determining what auditory segments were encoded in

the lexicon. However, this pattern has not been replicated in groups where the ex-

posure contained Arabic spellings. Both groups with consistent and inconsistent

spellings produced the same numbers of learners who failed to establish any lexical

representation for the length contrast (3), which suggests that this particular pattern

may have emerged as a result of the exposure to unfamiliar orthography in gen-

eral rather than whether the orthography was consistent or inconsistent with the

auditory forms. The only difference was that increased exposure was positively as-

sociated with accuracy for learners who received consistent Arabic spellings, while

there was no association either positive or negative between increased exposure and

accuracy for those who were presented with inconsistent Arabic spellings.

In sum, the patterns of individual differences described in this section indicate

that learners respond differently to orthographic stimuli, with some exhibiting a

preference for learning from written cues over auditory, distributional or lexical

ones. It should be stressed, however, that these emerging patterns of individual

variation represent an early stage of phonological development. It remains unclear

whether learners who show bias towards orthographic information, even when it

leads to faulty representation, adapt to the demands of the target input and adjust

their learning mechanism accordingly.
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5.3 Implications for current models of L2 phonology

Despite the strong empirical evidence, there are no models yet that consider—either

implicitly or explicitly—orthographic representations as important variables in L2

phonological development. This dissertation and previous research have demon-

strated that orthographic information influences almost all aspects of adult L2 phonol-

ogy including speech perception (Escudero & Wanrooij, 2010; Simon et al., 2010;

Pytlyk, 2011; Mok et al., 2018), production (Rafat, 2015; Bassetti & Atkinson, 2015;

Young-Scholten & Langer, 2015; Hayes-Harb et al., 2018; Han & Kim, 2017; Bassetti,

2017; Bassetti et al., 2018), lexical encoding (Hayes-Harb et al., 2010; Simon et al.,

2010; Showalter & Hayes-Harb, 2013; Escudero et al., 2014; Showalter & Hayes-

Harb, 2015; Hayes-Harb & Hacking, 2015; Mathieu, 2016; Hayes-Harb & Cheng,

2016; Simonchyk & Darcy, 2018; Showalter, 2018) and L2 spoken word recognition

(Veivo & Järvikivi, 2013; Veivo et al., 2016; Qu et al., 2018; Veivo et al., 2018). The

most commonly quoted models of second language phonology, the Speech Learn-

ing Model (SLM) (Flege, 1995; Flege, Schirru, & MacKay, 2003) and the Perceptual

Assimilation Model (PAM and PAM2) (Best, 1995; Best & Tyler, 2007), are predomi-

nately concerned with predicting the relative difficulty of perceiving and producing

nonnative speech sounds based on the differences between the sound systems of

learners’ L1 and the target language. Although the research in this area has con-

tributed greatly to the understanding of the perceptual and learning problems fac-

ing L2 learners, the predictive power of these models cannot account for learning

difficulties related to the orthographic input. First, as has been demonstrated in

this dissertation and previous research, the exposure to orthographic information

can drastically alter the shape of the perceptual categories and may interfere with

the lexical representations of nonnative speech sounds. In addition, the mismatch

between the grapheme-phoneme correspondences of L1 and L2 in languages with

shared Roman orthography often leads to persistent errors in producing L2 sounds

(Young-Scholten & Langer, 2015), or the failure to encode nonnative speech sounds
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in the lexicon (Hayes-Harb et al., 2010; Escudero et al., 2014). Finally, it has been

shown that L2 learners whose native languages employ shallow orthographies—

where there is one-to-one grapheme-phoneme correspondences—experience diffi-

culties if the relationship between the orthographic and phonemic systems of the

target language is inconsistent. This may result in persistent production errors even

among advanced learners (Bassetti & Atkinson, 2015; Bassetti, 2017; Bassetti et al.,

2018).

These findings warrant a reexamination of the current L2 models to account for

the role of orthography in second language phonology. A straightforward way to in-

corporate orthographic input is to assume that along with the phonological system

of the native language, learners arrive to the task of learning a second language with

their native language grapheme-phoneme correspondences. If L1 and L2 share the

same writing system, a mismatch between the orthographic representations of the

native and the target languages is predicted to result in either a delayed learning or

even persistent difficulty that does not resolve with increased language experience.

Another prediction that can be generated through the integration of orthography as

a variable in these models states that the discrepancy in the level of orthographic

depth between L1 and L2 may interfere with the acquisition of the target phonol-

ogy. This prediction is partially supported by empirical evidence, particularly in

production. For instance, Italian and Spanish learners of English have been shown

to commit production errors reflective of the transparent nature of the orthogra-

phy of these languages as opposed to English (Bassetti & Atkinson, 2015; Vokic,

2011). It is not clear yet whether the reverse situation, one in which the native lan-

guage utilizes a deep orthography and the target language employs a transparent

one, would induce similar learning difficulties when acquiring L2 speech sounds.

The only available evidence suggests that when exposed to transparent orthogra-

phy, learners whose L1 has consistent grapheme-phoneme correspondences com-

mit fewer errors than learners whose native language has inconsistent orthographic
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representations (Erdener & Burnham, 2005). Another part of the prediction that re-

quires further testing is whether the degree of orthographic depth also applies to

unfamiliar orthography. This describes a case where both the native and the tar-

get languages differ in the level of orthographic familiarity as well as orthographic

depth. This prediction is motivated by the assumption that learners’ expectations

about the target orthography are influenced by the type of relationship between L1

graphemes and phonemes.

Beyond predicting the relative influence of L1 phonology in the acquisition of L2

speech sounds, neither SLM nor PAM2 provides a comprehensive theory that ex-

plains the underlying learning mechanisms guiding L2 phonological development.

In addition, both models were originally intended to account for phonological ac-

quisition in language immersion settings where other modes of learning are less

utilized (for application of these models in instructional settings see Piske (2007) for

SLM, and Tyler (2019) for PAM2). Therefore, the written representation of spoken

language has not been considered an essential factor in L2 phonological develop-

ments. This dissertation has explored the influence of orthographic input in the per-

ceptual and lexical learning of nonnative speech sounds. The evidence suggests that

learning nonnative speech categories can be achieved implicitly through attending

to the distributional properties available in the input. For some learners, the sen-

sitivity to the distributional information is not affected by the availability of ortho-

graphic cues, but for the majority, the learned perceptual categories are shaped by

the orthographic stimuli. In lexical learning, encoding and subsequent retrieval of

words containing nonnative speech sounds in the lexicon is significantly enhanced

by the availability of transparent orthographic input. When the target orthographic

system lacks one-to-one grapheme-phoneme correspondences, a subset of learners

may completely rely on the orthography and subsequently fail to learn the non-

native phonological forms of new words. The strong orthographic effect observed

in perceptual learning is possibly due to the dominant role of top-down/explicit

learning mechanism in adult language acquisition as a result of brain maturation,
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however; the analysis of individual differences clearly reveals that some learners

still exhibit sensitivity to the distributional information in the presence of higher

order cues.

In lexical learning, mapping between high level lexical information and low level

auditory forms proceeds in a top-down manner that can be facilitated by match-

ing orthographic cues. Mismatching orthographic information does not induce the

the same effect observed in perceptual learning due to its competition with higher-

level lexical cues—although a subset of learners may exhibit orthographic bias and

subsequently fail to encode nonnative contrasts lexically. These learning patterns

could help explain some of the individual variation that is present in all stages of L2

phonological development. As has been shown, learners respond differently to var-

ied input, particularly when multiple sources of information convey contradictory

message.

Modeling L2 phonological development requires not only considering the effects

of L1 transfer on learners’ ability to perceive and produce nonnative speech sounds,

rather a comprehensive model should account for the ways multiple sources of in-

formation, including orthography, interact to influence learners’ ability to acquire

the target phonology. An ideal model should be equally able to explain any system-

atic individual differences observed among L2 learners instead of regarding varia-

tion as an afterthought that does not warrant further scrutiny.

5.4 Limitations and future directions

The findings in this dissertation provide strong evidence for orthographic effect both

at the perceptual and lexical level. However, caution should be exercised before

generalizing these findings to other contexts as they offer a specific account of the

interaction between auditory and visual cues under a highly controlled environ-

ment which may not fully reflect the complex nature of L2 phonological acquisition.

As with all experimental research, there are a number of limitations that should be
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noted. First, designing short learning experiments often requires using relatively

less complex training stimuli. As demonstrated by the earlier versions of the dis-

tributional learning experiments, exposing learners to difficult stimuli may fail to

yield any rapid learning effect. Second, in the lexical learning task, the position of

the orthographic stimuli was not consistent with the distributional learning task (for

an illustration see Figures 3.3 and 4.1). In the latter, the spelling of the auditory form

was positioned in learners’ line of sight in the center of the screen, and since the

pictured-meaning in the lexical learning task occupied the center, the spelling was

positioned at the bottom of the screen. The difference here is not trivial insofar as

it may partially explain why orthographic effects were more prominent in distribu-

tional learning than in lexical learning. In fact, some participants reported that they

focused less on the spellings of the auditory forms during the word learning task.

Finally, learning the meanings of new words is not limited to picture-word asso-

ciation; instead L2 learners utilize multiple ways to derive the meanings of novel

words, including translation from L2 to L1, learning from context, dictionary defini-

tions, etc. It remains unclear whether the observed orthographic effect in the lexical

learning experiment can be generalized to other ways of word learning.

Some of these limitations can be addressed in future research. Specifically, in

the word-learning task, in order to give the same emphasis to orthographic cues,

the presentation of the spellings of the auditory forms should be in learners’ line

of sight. This can be accomplished by placing the spelling directly below or above

the pictured-meaning, or by displaying the two visual cues on different slides. Fu-

ture studies should also explore the effects of orthography on the lexical encoding

of nonnative speech sounds through other means of word learning. It is safe to as-

sume that pairing orthographic cues with non-visual cues of novel words’ meanings

may affect the lexical encoding of nonnative speech sounds differently. In such case,

learners are predicted to attend to the orthographic input more simply because vi-

sual cues are more salient. Expanding the scope of the inquiry to include other

methods of word learning will further our understanding of the role of orthography
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in nonnative speech learning.

Another important avenue for future research is understanding how orthographic

representations change over time. The present dissertation tested orthographic ef-

fects at the onset of L2 phonological development. It is expected that, with increased

exposure, some of the negative effects of the over-reliance on orthographic cues will

be resolved. Therefore, future research will attempt to examine under which condi-

tions negative orthographic interference subsides or persists thorough L2 phonolog-

ical development. Further research is also needed to find which aspect of L2 phonol-

ogy is more susceptible to orthographic effects. Experimental studies on advanced

L2 learners have revealed persistent orthographic errors in production (Bassetti &

Atkinson, 2015; Bassetti, 2017; Bassetti et al., 2018). It is unclear whether experienced

learners exhibit a great degree of orthographic interference only in production, or

whether the negative influence extends to L2 perception, lexical representations and

word recognition.

One crucial area that requires further investigation is understanding the basis

of the observed individual variation. As has been demonstrated, learners vary

greatly in their utilization of the orthographic input, particularly when it is paired

with conflicting auditory input. The explanation offered here for the observed pat-

terns suggests that learners exhibit different degrees of dependence on the learning

mechanisms implemented to process the target input. Whereas some learners ap-

ply a top-down learning through mapping the orthographic cues onto the auditory

forms, a subset of learners utilize low-level information such as distributional prop-

erties to establish nonnative speech sounds, thus bypassing the available high-level

information (orthographic input). In matching input, optimal learning condition

requires utilizing both high-level and low-level information. Future research will

examine if there are any neural correlates for the observed patterns of individual

variation. Functional magnetic resonance imaging (fMRI) offers a neuroimaging

technique that records brain activity when a subject is engaging in an experimental

task. Along with the behavioral data, neural images of the brain will advance our
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understanding of the underlying cognitive processes involved in the acquisition of

nonnative speech sounds. More importantly, the data will reveal if there is any neu-

ral basis for the individual differences that occur in response to conflicting input.

5.5 Conclusion

This dissertation has highlighted the potential role of orthographic representations

in L2 phonology. The analysis conducted here has provided a nuanced view of the

interaction between written cues and auditory forms both in the distributional and

the lexical learning of the consonant length contrast. The findings indicate that or-

thographic input, irrespective of its level of familiarity or depth, considerably influ-

ences the perception and the lexical encoding of the length contrast. This influence,

however, varies on the individual level as a function of the nature of the input. Over-

all, the results provide original contributions to the body of work on the interaction

between orthography and phonology, as well as offer theoretical implications to the

models of L2 phonology and practical applications in foreign language teaching. It

is hoped that some of the intriguing findings in this dissertation will continue to

inspire more research on the intricate influence of orthographic information in the

development of L2 phonology.
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Appendix A

Summary table of the mixed effect

model reported in section 3.3.2.4

TABLE A.1: A summary of the mixed-effect logistic regression model for variables predicting the
response accuracy for participants trained on either a unimodal or bimodal distribution paired

with mismatching orthography. The reference level for CONDITION is ’Control’

Estimate Std. Error z value Pr(>|z|)
(Intercept) -0.049 0.392 -0.126 0.900
Unimodal 1.393 0.617 2.258 0.024
Bimodal 1.948 0.616 3.163 0.002
USRS -1.154 0.612 -1.887 0.059
BDRS 3.071 0.624 4.924 0.000
UDRS 2.799 0.610 4.589 0.000
BSRS -0.542 0.606 -0.894 0.371
USAS -1.021 0.612 -1.670 0.095
BDAS 2.542 0.612 4.157 0.000
UDAS 2.823 0.620 4.552 0.000
BSAS -1.208 0.616 -1.962 0.050
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Appendix B

Stimuli used for experiments in

Chapter 4

TABLE B.1: The auditory, visual and orthographic stimuli presented to the Control group in the
word-learning experiment.

Auditory form Pictured-meaning Spelling

/banu/ XXX

/bannu/ XXX

/duna/ XXX

/dunna/ XXX

/kamu/ XXX

/kammu/ XXX

/lama/ XXX

/lamma/ XXX

/suma/ XXX

/summa/ XXX

/tana/ XXX

/tanna/ XXX
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TABLE B.2: The auditory, visual and orthographic stimuli presented to the Distinct Roman
Spelling group (DRS) in the word-learning experiment.

Auditory form Pictured-meaning Spelling

/banu/ banu

/bannu/ bannu

/duna/ duna

/dunna/ dunna

/kamu/ kamu

/kammu/ kammu

/lama/ lama

/lamma/ lamma

/suma/ suma

/summa/ summa

/tana/ tana

/tanna/ tanna
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TABLE B.3: The auditory, visual and orthographic stimuli presented to the Same Roman Spelling
group (SRS) in the word-learning experiment.

Auditory form Pictured-meaning Spelling

/banu/ banu

/bannu/ banu

/duna/ duna

/dunna/ duna

/kamu/ kamu

/kammu/ kamu

/lama/ lama

/lamma/ lama

/suma/ suma

/summa/ suma

/tana/ tana

/tanna/ tana
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TABLE B.4: The auditory, visual and orthographic stimuli presented to the Distinct Arabic
Spelling group (DAS) in the word-learning experiment.

Auditory form Pictured-meaning Spelling

/banu/ ñ
	
JK.

/bannu/ ñ
�	
JK.

/duna/ A
	
KX

/dunna/ A
�	
KX

/kamu/ ñÒ»

/kammu/ ñ
�
Ò»

/lama/ AÖÏ

/lamma/ A�ÜÏ

/suma/ AÖÞ�

/summa/ A
�
ÖÞ�

/tana/ A
	
J
�
K

/tanna/ A
�	
J
�
K
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TABLE B.5: The auditory, visual and orthographic stimuli presented to the Same Arabic Spelling
group (SAS) in the word-learning experiment.

Auditory form Pictured-meaning Spelling

/banu/ ñ
	
JK.

/bannu/ ñ
	
JK.

/duna/ A
	
KX

/dunna/ A
	
KX

/kamu/ ñÒ»

/kammu/ ñÒ»

/lama/ AÖÏ

/lamma/ AÖÏ

/suma/ AÖÞ�

/summa/ AÖÞ�

/tana/ A
	
J
�
K

/tanna/ A
	
J
�
K
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