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Abstract
Joshua Taylor Williams
“MODALITY ADAPTATION HYPOTHESIS”: NEUROCOGNITIVE
ALTERATIONS TO NOVEL VISUOSPATIAL COMPONENTS OF SIGN

LANGUAGE DURING INITIAL ACQUISITION IN ADULTHOOD

This dissertation explored how the neurocognitive system changes when
exposed to a manual-visual language, like American Sign Language.
Hearing individuals’ neurocognitive system is highly attuned to
sequentially ordered acoustic information, which is molded by experience
with their first (spoken) language and sets a foundation for learning-
induced plasticity during second language (L2) acquisition. However, sign
languages (SL) are visual languages that use the hands, body, and face to
produce sequentially and simultaneously presented linguistic information,
which are dependent on robust and dynamic visuospatial processing at all
levels of linguistic analysis. Integration of multiple visuospatial cues at all
levels of linguistic analysis provides affordances that likely shape the
neurocognitive system. Therefore, this dissertation aimed to advance a
novel hypothesis called the Modality Adaptation Hypothesis (MAH). The
MAH posits that adult hearing L2 learners must acquire the unique
aspects of their new visual language modality before amodal linguistic
representations can be accurately acquired. The formulation of the MAH

draws upon a myriad of evidence from a longitudinal neuroimaging study

vi



of L2 acquisition by hearing learners, and other studies examining the role

of movement in M2L2 acquisition.
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Chapter 1: Introduction



To understand language is to be able to successfully integrate
information from various sensorimotor systems. For example, speech
perception requires integration of visual and acoustic cues (Campbell,
2008; Sumby & Pollack, 1954; Summerfield, 1992). Humans are
constantly using and integrating various sensorimotor information for other
linguistic tasks, such as processing co-speech gesture, reading, and
writing. Despite the constant integration of visual and acoustic cues for
spoken language comprehension, visual cues are often superfluous and
only enhance perception; hearing language users can easily and reliably
comprehend language without the use of vision, but often cannot
accurately understand language with visual cues alone (e.g., Altieri &
Huddock, 2014; Altieri, Pisoni, & Townsend, 2011). Hearing individuals’
neurocognitive system is highly attuned to sequentially ordered acoustic
information (Burton, Small, & Blumstein, 2000; Zatorre, Evens, Meyer, &
Gjedde, 1992; Zatorre, Meyere, Gjedde, & Evens, 1996), which is molded
by experience with their first (spoken) language. Although new language
learning in adulthood challenges the brain to adapt to new statistical
information in the language stream, new phonemic categories must be
constructed, new lexical items must be incorporated into the lexicon, and
new motor programs need to be learned and executed. The first language
sets a foundation that supports language learning-induced plasticity during
second language (L2) acquisition of another spoken language (e.g.,

Cummins, 1979). For instance, there are linguistic similarities, such as



common spoken phonemes across the two languages, as well as
neurological similarities, wherein the neural tissues that process both
languages are the same (Costa, & Sebastian-Gallés, 2014; Kroll et al.,
2015; Kroll & Chiarello, 2015). Despite hearing individuals being
multimodal language users, it is unclear whether the acquisition of a new
language that uses another modality is supported in the same manner.
Sign languages, on the other hand, are visual languages that use
the hands, body, and face to produce sequentially- and simultaneously-
ordered linguistic information. Sign languages are dependent on robust
and dynamic visuospatial dependencies at all levels of linguistic analysis
(Emmorey, 2001; Sandler & Lillo-Martin, 2006). Not only does sign
language comprehension incorporate similar visual cues as speech
perception, such as mouthing and gesture, but the visuospatial aspects of
sign languages can diverge greatly (Bickford & Fraychineaud, 2006;
Emmorey, 2002). For instance, complex spatial dependences in the
grammar require finer-grained spatial representations in memory.
Moreover, lexical-semantic and morphological processing is highly
dependent on the visuospatial aspects at the phonetic level. For example,
the difference between the signs WORK and WORK-HARD-CONTINUOUSLY iS
due to movement velocity and repetition (alongside visual cues on the
face), but all other phonetic features (e.g., handshape, location,

orientation, and movement type) are all kept the same. Integration of



multiple visuospatial cues at all levels of linguistic analysis provide
affordances that likely shape the neurocognitive system.

Differences in language modality are subserved by the respective
sensory system’s preferential treatment of various types of information.
The visual system is attuned to vertical processing, or the processing of
simultaneously layered information; the auditory system, on the other
hand, is attuned to horizontal processing, or the processing of
sequentially-ordered information (Geer, 2016; Green, 1971; Hirsch &
Sherrick, 1961; Welch & Warren, 1986). Hearing adults have decades of
experience with one language modality that prioritizes and automatizes
acoustic information, and their neurocognitive system is not finely attuned
to simultaneous visual encoding of linguistic information in the absence of
an auditory signal. When a hearing adult starts their journey learning sign
language as a second language, the disparity in the language modality
between the two languages may inhibit language learning, at least initially,
before they have acquired more robust and automatized visuospatial (and
manuomotor) routines. As such, it hypothesized that the neuroplastic
adaptations that must occur during initial acquisition are dramatically
different than acquiring a new language within the same modality.

Given the robust visuospatial representations and skills inherently
required for sign language processing compared to the visual information
used in spoken language processing, this dissertation advances a novel

hypothesis (i.e., “Modality Adaptation Hypothesis”) that adult hearing L2



learners must acquire the unique aspects of their new visual language
modality before they can accurately acquire amodal linguistic
representations. The formulation of the Modality Adaptation Hypothesis
(MAH) comes from a myriad of evidence, both extant and novel, that
argues visual affordances of sign languages shape behavior, cognition,
and the brain.

In order to support this hypothesis, the following arguments will be

made drawing on novel experimentation as well as the extant literature:

1. Neural tissues related to modality-specific (e.g., visuospatial, hand)
processing are more active during initial sign language acquisition
than regions involved in amodal linguistic processing. Furthermore,
a switch from modality-dependent to modality-independent regions
will occur with increased sign language experience (Chapter 2).

2. Poor learning outcomes are dependent on deficits in modality-
specific processing, such as visuospatial processing, visual
phonetic segmentation, hand and biological motion processing
(Chapter 3).

3. Sign language and fingerspelling acquisition follows patterns of
modality-specific perceptual features, such as visual sonority,
handshape markedness, and movement features (Chapters 4 and

5).



As such, it will be argued that the affordances of the visual language
not only induce modality-specific neurocognitive plasticity in initial sign
language, but said plasticity is the hallmark predictor of successful
language outcomes. In other words, it will be argued that the learner's
ability to acquire these new visuospatial skills is proportional to their L2
sign fluency and their ultimate success in acquiring sign language as a

second language.

It is important to keep in mind, however, that this hypothesis does not
suggest that sign language acquisition is solely dependent on visuospatial
neurocognitive plasticity. Rather, the dissertation will provide evidence that
first language skills (e.g., phonetic abilities, vocabulary knowledge, etc.)
can be bootstrapped during acquisition. The use of the first language
further supports the argument that the divergence between language
modalities affords learners the ability to capitalize on the use of subvocal
speech, mouthing, and other skills. In other words, if learning a sign
language did not require adaptation to the visual aspects of the language,
then they would need to rely on their first language less; however, in
support of the MAH, this dissertation will argue that overcoming the
difficulties that are concomitant with acquisition of visual languages
necessitate reliance on L1 skills; thus, during the adaptation period, their
L1 is largely important. Not only does this finding support the MAH, but
also provides novel evidence that, despite disparate language modalities,

L1 skills are transferable between languages.



The formulation of this hypothesis is significant in many ways. First,
this dissertation explores how language modality affects the behavioral
and neurocognitive mechanisms that underlie second language
acquisition. Much of the theory of second language acquisition is reliant on
the study of spoken languages. As such, it is unclear whether these
specific theories are generalizable to sign language acquisition as second
language. There is value in being able to distinguish between modality-
independent theories of second language acquisition from those that are
specific to either spoken or sign languages. As such, a more
comprehensive view of language acquisition can be delineated.

Investigation of the MAH for sign language acquisition can inform
theories of neuroplasticity. It is argued that the ability to adapt, or the
degree of neuroplasticity, is the mechanism that underlies initial
acquisition of a sign language as a second language. By quantifying the
neurocognitive changes over initial acquisition, we are able to similarly
guantify the extent to which neuroplasticity is essential to language
learning. As a result, the hypothesis constructs a significant framework for
future neuroscientific research on neuroplasticity and language learning.

More importantly, this hypothesis can inform neurocognitive
universals that underlie all learning. Similar to the first point, if comparable
changes are seen in this learner population in terms of neurocognitive
adaptation as has been reported for unimodal learners, then we can start

to piece together a comprehensive view of how second languages are



learned. Furthermore, modality-dependent mechanisms shed light on the
interaction between sensorimotor systems and general cognitive learning,
which can bolster theories of embodied language processing and
cognition.

Lastly, this hypothesis sets a foundation for translational work to
fulfill a pedagogical need. Given that this hypothesis posits that initial
acquisition is dependent upon visuospatial adaptation, then training
programs and curricula can be constructed to address this domain before
relying on more complex, supramodal linguistic skills. These programs can
then be implemented in foreign language and interpreting programs
across the world. In turn, improved language outcomes, especially in
interpreting programs, would have large impacts on the quality of life for
Deaf citizens who rely on superior interpreting services.

The dissertation will be split into chapters that contain already
published articles that contribute to MAH. As such, each chapter will
include a review of the extant literature regarding the given topic, the
experiment, and discussion. A final chapter (Chapter 6) will be included to

bring the entire argumentation together and flesh out the MAH.



Chapter 2: Longitudinal Evidence

This chapter has been previously published, but the formatting has

been slightly modified for the purposes of this dissertation:

Williams, J.T., Darcy, |, Newman, S.D. (2016). Modality-specific
processing precedes amodal linguistic processing during L2 sign
language acquisition: a longitudinal study. Cortex, 75, 56-67. doi:

10.1016/j.cortex.2015.11.015



Introduction

The neurobiology of bilingual language processing has turned to
understand the neurobiology of language that includes the study of sign
languages (Emmorey, Giezen, & Gollan, 2015; Emmorey & McCullough,
2009). The study of the bimodal bilingual (i.e., bilinguals who use both a
sign and spoken language) brain has been relatively sparse and has
restricted itself largely to native bimodal bilinguals, or hearing individuals
born into deaf signing families. However, many more adults are beginning
to learn sign language in high school and college. As such, it is important
to also study a group of late learning hearing adults during the acquisition
of a signed second language (L2). More importantly, unlike a child who
grew up with both languages simultaneously, hearing late learners have
an established linguistic system that directly processes auditory-oral
languages. Late learners must subsequently acquire a new language
modality. The aim of the present study was to investigate how the brain is
transformed by the acquisition of a language that uses a different
sensorimotor modality. By using a longitudinal design, we can
characterize the effect of modality on the acquisition of a second
language. To our knowledge, this is the first longitudinal study of L2 sign
language acquisition.

The study of bimodal bilinguals is important because there is
growing behavioral evidence suggesting that both spoken and sign

languages are co-activated during sign language comprehension (Geizen
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& Emmorey, 2015; Shook & Marian, 2012; Williams & Newman, 2015),
despite neurobiological evidence of distinct patterns of activation for sign
and spoken language processing across monolingual populations (Corina,
Lawyer, & Cates, 2013; Emmorey, Giezen, & Gollan, 2014; Emmorey,
McCullough, Mehta, & Grabowski, 2014). Of interest to the present study
is how the bimodal bilingual brain processes sign language. Bimodal
bilinguals show greater activation in the bilateral parietal cortex and
bilateral occipitotemporal cortex during sign comprehension (Emmorey et
al., 2014; Soderfeldt et al., 1997). These areas are thought to be unique to
the processing of sign languages, and have been activated by spatial
classifiers and verbs in American Sign Language (ASL) in addition to other
demanding visual processing tasks. Nevertheless, other studies have
shown strikingly similar patterns of activation for signed and spoken words
for native signers and speakers (Leonard et al., 2012; MacSweeney et al.,
2002, 2006, 2008; Petitto et al., 2000). However, it is unclear whether
such findings are a consequence of the native bimodal bilingual
experience, and if not, what the time course is for developing such
activation patterns in late learners. It is unknown whether such
convergence of modality-independent neural mechanisms is present after
short-term initial input of a sign language (see Schelegel, Rudelson, &
Peter, 2012 for an example for unimodal bilinguals).

A functional change in brain processing has been seen for L2

learners after relatively little exposure to a second language. McLaughlin
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and colleagues (McLaughlin, Osterhout, & Kim, 2004) have shown that L2
learners rapidly acquire lexico-semantic processing in the L2 after only 14
hours of instruction. L2 leaners of French were given a lexical decision
task on semantically primed French pairs. ERPs were recorded during the
lexical decision to characterize the presence (or absence) of an N400, an
index of lexico-semantic processing. L2 learners indeed had N400 effects
after only 14 hours of instruction despite not showing behavioral sensitivity
to word-nonword distinctions in French. Furthermore, learners started to
approximate native-like ERPs after only 60 hours of instruction
(McLaughlin, Osterhout, & Kim, 2004; Osterhout, McLaughlin, Pitkanen,
Frenck-Mestre, & Molinaro, 2006). These neuroelectrophysiological
studies indicate that L2 learners can show rapid functional changes in
neural processing of a second language. However, it is less known if such
results generalize to bimodal bilinguals.

Another area that has garnered much attention in bilingual brain
research is that of language control. Many studies have reported greater
activation for language control regions, such as the left caudate and
anterior cingulate gyrus, during bilingual language processing (Abutalebi &
Green, 2008; Green & Abutalebi, 2013). This effect is often attributed to
the need for unimodal bilinguals to control two languages within the same
modality (Green, 1998). However, recent behavioral data has not been
able to show a bilingual advantage for bimodal bilinguals. This lack of a

bilingual advantage for bimodal bilinguals is thought to be due to do the
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languages utilizing two different sensorimotor systems and therefore
eliminating the necessity to compete during production — individuals can
speak and sign simultaneously (Emmorey, Luk, Pyers, & Bialystok, 2008).
As such, it has been hypothesized that bimodal bilinguals may not require
greater cognitive control when processing language. However, a recent
study has found contrasting neurobiological evidence, showing increased
grey matter volume in the left caudate head for bimodal bilinguals (Zou et
al.,, 2012). Nevertheless, it is still largely unknown whether bimodal
bilinguals require cognitive control while processing sign language.
Because beginning (or low proficiency) bilinguals often require much more
language control (Abutalebi, 2008), the present study is situated well to
investigate whether there is activation in regions known to be involved in
language control during the processing of ASL.

As indicated above, the current study has two over-arching aims.
One aim was to characterize the processing of ASL signs in hearing late
L2 learners of ASL. Specifically, whether or not sign language processing
moves from a general modality-specific stage of processing (e.g., visual,
spatial, and motoric) to a more modality-independent linguistic processing
stage (i.e., phonological and lexical) was investigated. That is, given that
late L2 learners of ASL have an established spoken language linguistic
system, it may be the case that the acquisition of a sign language requires
the acquisition of modality-specific neural mechanisms as a prerequisite,

which may be different from native bimodal bilinguals whose language
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systems were acquired simultaneously. Additionally, the present study
was interested in the time course of these neural changes due to learning
a sign language. Given that previous studies have shown rapid neural
changes related to L2 instruction (McLaughlin et al., 2004) and similar
lexico-semantic processing early in L2 sign language acquisition (Leonard
et al., 2013), we are also interested in whether and to what extent L2
acquisition is modality-independent. The second aim was to determine
whether language control is evident in learning a second language in a
different modality. Specifically, we examined the presence of activation in
the left caudate and anterior cingulate regions during ASL processing, and
when such activation first started to appear over time.

These questions motivated a longitudinal design in which naive L2
ASL learners were followed starting before significant sign language
exposure through 10 months of learning (two academic semesters). They
were assessed three times: before exposure, after one semester of
exposure and at the end of a second semester. The few longitudinal L2
neuroimaging studies that have been performed have only included two
time points and have studied unimodal bilinguals (e.g., Stein et al., 2009).
To our knowledge, this is the first longitudinal investigation of late bimodal
language learners. Consequently, novel insight into the functional brain
changes that occur during the acquisition of a language with a different

sensorimotor modality from one’s native language can be highlighted.

14



Following the aims outlined above, the present study makes the following
predictions across the three time points:

1. If hearing late learners of sign language require modality-specific
neural mechanisms for sign language processing, then there will be
mostly activation in visual (e.g., calcarine sulcus, right inferior temporal
sulcus) and motor (e.g., supplemental motor area) regions in response to
ASL signs before any exposure to sign language (i.e., TO).

2. If hearing late learners of sign language acquire prerequisite
modality-specific processing at early stages of acquisition and linguistic
processing follows, then there will be greater phonological (e.g., left
superior marginal gyrus) and lexico-semantic (e.g., left inferior frontal
gyrus) activation seen at subsequent time points (i.e., T1 & T2) compared
to the first timepoint.

3. Additionally, if hearing late learners of sign language show
lexico-semantic processing, then it is expected to see greater activation of
regions involved in language control and inhibition (e.g., caudate and
anterior cingulate cortex) at the same time point as? during? linguistic
processing (i.e., T2), given that learners must resolve competition

between lexical words and signs in their languages.

Methods

Participants

15



Twelve (male = 5) hearing English-speaking college students
participated in this study. These 12 learners come from a larger study that
examined phonetic processing by naive monolinguals, which was TO in
this study (Williams, Darcy, & Newman, 2015). The 12 subjects selected
for this study were those students who volunteered to return for two
subsequent experimental sessions, providing a full data set to examine
longitudinal change in ASL processing. All learners were right-handed
according to the Edinburg Handedness scale (M = 87.5, SD = 19.1). All
learners reported English as their first language. The learners in this study
were recruited from introductory American Sign Language (ASL) courses
at Indiana University. The learners had little to no exposure to ASL (or any
other spoken second language) before enrollment in the ASL course. All
learners gave written consent to perform the experimental tasks, which
was approved by the Indiana University Institutional Review Board.

At pre-exposure (TO), the learners had a mean age of 20 (1.7).
Learners were recruited during their first week of Beginning ASL |
enrollment. On average they had 1.06 (range = 0 — 5, SD = 1.49) hours of
instruction. According to course instructors, the instruction in the first week
of classes included introduction to the course, the target language and
culture, but little linguistic instruction. Furthermore, most to all instruction
was conducted in English during the first week. That is, these learners had

minimal to no linguistic knowledge of the target language. Subsequently,
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learners had an average of 44.12 (1.00) hours of instruction at T1 and

89.5 (1.95) hours of instruction at T2.

Proficiency Tests

Learners rated their language proficiency and took an ASL
vocabulary test at all three time points. The learners rated their proficiency
in both English and ASL on a scale from 1 to 7 (1 = “Almost None,” 2 =
“Very Poor,” 3 = “Fair,” 4 = “Functional,” 5 = “Good,” 6 = “Very Good,” 7
= “Like Native”) for their understanding and fluency abilities. Self-ratings
were also collected because previous studies have shown that self-ratings
often correlate with measured language proficiency (Macintyre, Noels, and
Clement, 1997; Bachman and Palmer, 1989).

Learners also took a vocabulary test to obtain a gross measure of
their proficiency gains over time. A vocabulary test was selected because
the following fMRI task only tested lexical processing. Additionally,
grammatical knowledge in these early learners would not be well
established relative to their lexical knowledge. The test was constructed
by taking all of the signs (minus duplicates) from the current ASL
textbooks across all 4 semesters of ASL (Smith et al., 1988a, 1988Db,
2008). During the vocabulary-translation task, learners viewed video clips
of the signed words produced by a native signer. Learners were required
to type in the English translation. The computer scored their translations

for correct answers, including any synonyms (e.g., bathroom or restroom
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would be accepted for BATHROOM). A total score correct out of 142 was

used as the learners proficiency score.

fMRI Task

The experimental design was the same as described in a previous
study (Williams et al., 2015). The learners performed a phoneme
categorization task at three different time points (TO, T1, and T2). There
were 30 trials; the total duration was approximately 9 minutes. Learners
viewed a native signer signing words with the speaker’s full face and torso
shown in front of a blue-gray backdrop. All stimuli were high frequency
monomorphemic signs from various word classes. Signs were split into
two groups: signs with place of articulation (i.e., location) on the head or
face and signs with the location on the body, non-dominant hand, or
neutral space (i.e., not on the face). In sign languages, signs contain
phonemic subunits called formational parameters. Unlike spoken
languages, these parameters include handshape, location, movement,
and orientation (Liddell & Johnson, 1989; Sandler, 1989; Brentari, 1998).
As such, the participants had to make a phoneme categorization
discrimination based on the location parameter when deciding whether a
sign was made on various locations of the body. This method was chosen
because the task provided an opportunity to force learners to phonetically
process the signs by splitting the signs into these two conditions if they

knew the signs, but they could still perform the task with no ASL
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knowledge, which is most important for performance at baseline (TO).
Additionally, this task allowed us to examine the automatic language
processing that was expected to occur as the participants became more
familiar with ASL.

The functional task was presented in an event-related design. For
each trial a 500-millisecond fixation point was presented before the video
appeared. Each stimulus video varied in duration (M = 1593.33, SD = 2.53
ms) and was followed by a jittered interstimulus interval (ISI range = 4000
— 8000, M = 6000 ms). Learners were told to press the right index finger
for signs that were produced on the face, and to press the left index finger
for signs that were produced on the body. They were instructed to make
their responses as quickly and accurately as possible. In addition to the
ISI, a 30 second fixation was presented at the beginning of the task and

was used as a baseline.

Imaging Parameters

Learners underwent 2 scans at each time point (for a total of 6
scans) using a 32-channel head coil and a Siemens 3 Tesla TIM Trio MRI
scanner. The first scan was an anatomical T1-weighted scan used to co-
register functional images. An MPRAGE sequence (160 sagittal slices;
FOV = 256 mm, matrix = 256x256, TR = 2300 ms, TE = 2.91 ms, Tl =900
ms, flip angle = 9°, slice thickness = 1 mm, resulting in 1-mm % 1-mm X 1-

mm voxels) was used. The other scan at each time point was the
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functional multiband EPI scans for experimental trials (58 axial slices
using the following protocol: field of view = 220 mm, matrix = 128x128,
IPAT factor = 2, TR = 2000 ms, TE = 30 ms, flip angle = 60°, slice

thickness = 2 mm, 0 gap).

Data analysis

Functional images were analyzed using SPM8 (Wellcome Imaging
Department, University College, London, UK, freely available at
http://fil.ion.ucl.ac.uk/spm). During preprocessing images were corrected
for slice acquisition timing, and resampled to 2 x 2 x 2 mm? isovoxels,
spatially smoothed with a Gaussian filter with a 4 mm kernel. All data were
high-pass filtered at 1/128 Hz to remove low-frequency signals (e.g., linear
drifts). Motion correction was performed and motion parameters
incorporated into the design matrix. Each participant’s anatomical scan
was aligned and normalized to the standardized SPM8 T1 template and
then fMRI data were co-registered to anatomical images. At the individual
level, statistical analysis was performed using the General Linear Model
and Gaussian random fields using fixation as the common baseline. The
video onsets and durations were entered as regressors in the model
(Friston et al., 1995). For the second level (random effects) analysis on
group data, paired t-tests were performed for all combinations in order to
examine the within-subject change over time. To correct for multiple

comparisons, the dimensions and smoothing parameter of processed data
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were entered into AFNI's AlphaSim program. With a voxel-wise p < 0.01,
clusters greater than 62 voxels were considered significant at a corrected

alpha = 0.05.

Results
Proficiency Results

At pre-exposure before any ASL exposure, the learners rated their
proficiency average scores across both categories were 7 (0) for English
and 1.21 (0.37) for ASL. ASL students’ vocabulary knowledge ranged from
0 to 15 (M = 8.08, SD = 3.3) words. Overall, these finding suggest that at
pre-exposure (T0), the learners were beginner or naive ASL learners.

After one semester (approximately 13 weeks later), the learners
were brought back for their first post-exposure scan (T1). They rated their
ASL ability as a 3.12 (0.82) and their English ability as 7 (0). Course
grades were also recorded. Learners had an average of 90.87% (4.26) in
their ASL course. Their vocabulary score ranged from 30 — 60 (M = 44.06;
SD = 9.5) words. These results show increased ASL knowledge
[vocabulary: t(11) = 14.61, p < 0.0001] and proficiency [rating: t(11) = 6.37,
p <0.001] at T1 relative to TO.

After a second semester of ASL training, the learners were brought
back for their second post-exposure scan (T2). Learners rated their ASL
ability as a 3.92 (0.63). At T2, learners had an average of 91.7% (4.64) in

their ASL course. Their vocabulary score ranged from 39 — 66 (M = 55.83;
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SD = 9.2) words. These results show increased ASL knowledge
[vocabulary: t(11) = 5.03, p < 0.001] and proficiency [rating: t(11) = 3.58 , p

< 0.001] at T2 relative to T1.

Behavioral Results

Reaction times were filtered for outliers that were above or below 2
standard deviations from the mean for each subject (1.7%). Reaction
times on correct trials were analyzed using a repeated measures analysis
of variance (ANOVA) with time (TO, T1, T2) as the factor. Results showed
that there was no significant difference across the time points in reaction
times for making phoneme categorization [F(2,22) = 1.433, p = 0.260, eta-
squared = 0.115; TO = 1827 (114) ms; T1 = 1987 (134) ms; T2 = 1802
(134) ms]. Accuracy results showed a similar pattern insofar as there was
no significant difference across the time points in accuracy [F(2,22) =
1.007, p = 0.3820, eta-squared = 0.084; TO = 96.1% (1.6); T1 = 88.6%

(8.0); T2 = 96.7% (1.7)].

Neuroimaging Results
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TO

T

Figure 1. Activation to ASL signs for all three time points: pre-exposure

(TO), first post-exposure scan (T1) after 44 hours of instruction, and

second post-exposure scan (T2) after 89 hours of instruction.

Table 1 Brain regions activated at each time point (p-corrected < 0.05; Kmin

= 62)

MNI coordinates

Cerebral regions (Brodmann Area) Voxels y .
T0
R cuneus (BA 18) 726 32 -78 4
R supplementary motor area 229 12 -2 60
L superior parietal lobule 191 -32 -72 48
L inferior frontal gyrus/pars triangularis 143 -50 34 16
L middle frontal gyrus (BA 6) 97 -34 -4 58
L calcarine sulcus 77 -4 -102 -8
L posterior cingulate gyrus 73 -4 -28 38
L middle temporal gyrus 70 -56 -38 -2
R middle frontal gyrus 66 32 0 56
R posterior cerebellar lobe (vermis) 62 2 -70  -30
T1
L middle occipital gyrus (BA 37) 8506 -54 -72 0
L anterior cerebellar lobe 8506 -32 -48 -34
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R putamen 5133 30 -14 2
L inferior parietal lobule 3372 -48 -38 48
L cingulate gyrus (BA 24) 1790 -2 -4 48
R middle temporal gyrus 1309 58 -66 2
L caudate 453 -4 12 2
L putamen 453 -28 2 -4
R posterior cingulate gyrus 241 4 -34 26
L postcentral gyrus (BA 4) 203 -20 -28 68
L medial dorsal nucleus 125 -8 -16 10
R culmen 112 36 -56  -30
R inferior frontal gyrus (BA 46) 69 50 44 16
T2
L cuneus 27669 -8 -82 18
L insula 2592 -40 -2 10
L middle frontal gyrus 637 -42 44 14
R ventral lateral nucleus 487 16 -14 16
L caudate 336 -8 8 14
L cingulate gyrus 227 -2 -32 34
R superior frontal gyrus 213 28 56 2
L middle temporal gyrus 199 -54 -30 -6
L pulvinar 139 -16 -24 6
R postcentral gyrus 118 22 -30 78
L paracentral lobule 71 -14 -42 66

Activation to ASL signs relative to a fixation baseline for each time

point can be found in both Figure 1 and Table 1. There was relatively little

activation seen for ASL signs relative to fixation at pre-exposure (TO).

There was activation in modality-specific areas, such as visual, motor, and

spatial processing areas. Activation was seen in visual areas within the

occipital lobe, including right cuneus and left calcarine sulcus. The right

supplementary motor area was activated during ASL processing.

Activation was seen in the left superior parietal lobule. Additionally,
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prefrontal cortex was activated during ASL processing, such as left inferior
frontal gyrus (pars triangularis), and bilateral middle frontal gyrus.

There was much more activation present in response to ASL signs
at the first post-exposure scan (T1). These areas still included modality-
specific processing areas, such a left middle occipital gyrus and left
inferior parietal lobule for visual processing. However, there was abundant
activation of sub-cortical regions, including bilateral putamen, left caudate,
and left medial dorsal nucleus of the thalamus. There was additional
cingulate activation in both posterior and middle portions. Right
recruitment of the inferior frontal gyrus was also seen.

Similar activation was found at the second post-exposure scan (T2)
as in T1l. These areas included left cuneus, left caudate, left middle
temporal gyrus, left cingulate, and right postcentral gyrus. However, there
was additional language-related temporal and prefrontal regions, including
left insula, middle frontal gyrus, and inferior frontal gyrus. Additional sub-
cortical regions were recruited during ASL processing such as the left
pulvinar and right ventral lateral nucleus of the thalamus.

To further explore the effect of ASL exposure a contrast analysis
was performed to directly compare each time point. Using paired t-tests,
the following time points were compared: T2 > T1, T2 >TO, T1 > TO, TO >

T2, TO>T1, and T1 > T2 (see Figure 2 and Table 2 for results).
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T2>T1

T1>TO0

TO>T1

Figure 2. Three contrasts using paired t-tests across the time points at the

same corrected p < 0.05 at k = 62.

Table 2 Conjunction analyses (p-corrected < 0.05; Kyin = 62)

MNI
Cerebral regions (Brodmann Area) Voxels coordinates
X y z
T2>T1
L inferior frontal gyrus (BA 45/47) 134 -48 38 -2
L middle orbital gyrus (BA 10) 115 -34 50 -2
T2>T0
L supramarginal gyrus (BA 40) 224 -58 -16 32
R supramarginal gyrus (BA 40) 119 54 -24 30
L insula/rolandic operculum (BA 13) 73 -42 -4 10
L lingual gyrus 129 -12 -70 -8
R inferior frontal gyrus/pars opercularis (BA 44) 74 56 10 14
R inferior frontal gyrus (BA 47) 82 38 16 -20
T1>TO
R supramarginal gyrus (BA 40) 268 56 -26 34
L supramarginal gyrus (BA 40) 318 -60 -26 28
R parahippocampal gyrus 112 36 -2 -12
R putamen 62 32 2 4
R inferior temporal sulcus (BA 19) 89 56 -66 -6
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R inferior frontal gyrus/pars opercularis (BA 44) 86 54 8 14

TO>T2

L supplementary motor area (BA 6) 65 -8 2 62
TO>T1

L supplementary motor area (BA 6) 91 -6 2 62

The first post-exposure scan revealed more activation in the inferior
temporal sulcus, inferior frontal gyrus, putamen, and parahippocampal
gyrus relative to pre-exposure (T1 > T0). These regions were located to
the right hemisphere, typical of low-proficiency bilingual language
processing (Perani et al., 1998). There was also bilateral supramarginal
gyrus activation found for T1 > TO. Similar results were found for the
contrast between the second post-exposure scan (T2) and TO. However,
there was additional activation in left-hemispheric areas, including the
lingual gyrus and insula. The T2 minus T1 contrast revealed activation in
left prefrontal regions (inferior frontal gyrus and middle orbital gyrus).

There were no regions found to show increased activation for T1
compared to T2. For both the TO > T1 and TO > T2 contrasts, the only
significant difference was in the left supplementary motor area (BA 6).

To qualitatively characterize hemispheric recruitment and
lateralization across the three time points, the number of voxels that were
significantly activated in each hemisphere used to calculate a lateralization
index (i.e., (L-R)/[(L+R)/2]; see Emmorey et al., 2003). A negative number
indicates more voxels were activated in the right hemisphere relative to
the left. A positive number is converse, where more activation in the left

hemisphere than the right. The lateralization index at the group-level was -
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0.498, 1.21, and 1.89 for TO, T1, and T2, respectively. This result indicates

a general qualitative left-lateralization with increased language exposure.

Discussion

The goal of the present study was to characterize the neural
processing of sign language during second language acquisition by
hearing adults. By studying hearing adults acquiring sign language as a
second language, the functional changes that occur during the acquisition
of a language that is perceived and produced in another sensorimotor
modality was directly tested. A second goal of the present study was to
investigate these changes as a function of time by studying within-subject
changes using a longitudinal design. A longitudinal design provides unique
insights into neural changes over time relative to cross-sectional studies
because changes can be observed while controlling for individual
differences in cognition and experience. In the present study it was found
that modality-specific processing precedes amodal linguistic processing
during second language acquisition. Rapid changes to functional
processing of sign language, lateralization, and language control
mechanisms after only one semester of instruction were observed. As
such, this is the first study to demonstrate neural changes in the

processing of sign language while acquiring new language modality itself.

TO activation
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Activation at pre-exposure, before any significant sign language
exposure, was sparse. Reduced activation while processing ASL signs
can be attributed to the learners’ lack of awareness of their linguistic
properties. As such, learners likely processed the stimuli by focusing only
on the visual-motor properties, which explains the increased activation in
modality-specific processing areas. The posterior visual sensory activation
was found in the calcarine sulcus, cuneus, as well as the posterior
cingulate cortex. Previous studies have shown that deaf signers have
greater grey matter volume in the calcarine sulcus, indicative of more
intense, complex visual processing (Allen, Emmorey, Bruss, & Demasio,
2013). Additionally, previous functional imaging data has shown evidence
for increased activation to British Sign Language signs in both the
calcarine and cuneus relative to a static baseline (MacSweeney et al.,
2006). The cuneus has also been implicated in nonlinguistic event
perception, like watching movies of making the bed or other household
chores, as well as biological motion of point-light displays (Servos, Osu,
Santi, & Kawato, 2002; Speer, Swallow, & Zacks, 2003; Vaina et al., 2001;
Zacks et al.,, 2001; Zacks, Swallow, & Vettel, 2006). The posterior
cingulate activation observed here may be related to motion processing.
For example, Cornette and colleagues (1998) found the posterior
cingulate gyrus showed greater activation for onset of motion of dynamic

dots relative to stationary dots. Together, these studies point to a more

29



general motion and event processing of linguistic sign language stimuli at
pre-exposure.

In addition to visual activation other modality-specific activation was
found in the supplementary motor area (SMA) and superior parietal lobule.
The SMA has been shown to not only be involved in the production of
language, but also in the perception of human actions (Decety & Grezes,
1999; Grezes, Costes, & Decety, 1998). The superior parietal lobule (SPL)
has been associated with spatial-motor behavior (Grafton et al., 1996;
Grefkes et al., 2004) and multisensory integration (Molholm et al., 2006).
Additionally, the parietal lobe (including the superior parietal lobule) has
been shown to be activated during sign language comprehension and
production (Corina & Knapp, 2006; Emmorey et al., 2002, 2003;
MacSweeney et al, 2002). Therefore, the SMA and SPL activation at TO
suggests that learners were focusing on the visuo-motor properties of the
stimuli.

Other pre-exposure activation could be attributed to lack of prior
sign language knowledge. Activation in the left inferior frontal gyrus may
be due to hierarchical sequence processing (Clerget, Winderickz, Fadiga,
& Oliver, 2009; Dominey et al., 2003; Fazio et al., 2010). The task of
determining whether the sign was produced on the face requires the
participant to segment a sequence of movements and categorize parts of
that sequence. This is analogous to phonemic segmentation tasks that

have been shown to activate the left IFG in both spoken (Burton, Small, &
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Blumstein, 2000, Newman et al., 2001; Zatorre, Evens, Meyer, & Gjedde,
1992; Zatorre, Meyere, Gjedde, & Evens, 1996) and sign languages
(Williams, Darcy, & Newman, 2015). A previous study examining
differences in sign language and non-linguistic action processing in
hearing nonsigners showed left IFG and ventral premotor activation, which
was also attributed to the mirror neuron system and human action
processing (Corina et al., 2007). As such, similar activation in the present
study at pre-exposure (TO) may indicate non-linguistic processing of signs
for our hearing learners.

Activation in the posterior middle temporal gyrus could also be due
to the learners’ lack of vocabulary knowledge, given that pseudowords
have been shown to activate the pMTG (Davis & Gaskell, 2009; Price,
2010). Additionally, degraded low-cloze speech activates bilateral
posterior middle temporal gyrus (Obleser & Kotz, 2010). However, it is
probable that activation in left middle temporal gyrus may be attributed to
biological motion processing (in addition to the cuneus and posterior
cingulate as indicated above). Pelphrey and colleges (2005) found
activation to the processing of eyes and mouth in the right homologue of
the middle temporal gyrus (x = 62, y = -40, z = -4), similar to what was
found in this study on the left (x = -56, y =-38, z = -2).

It should be noted that the above activation found for TO in these 12
learners was largely the same as that found for a larger group of naive

monolinguals presented in Williams et al. (2015). Activation in the left
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prefrontal cortex, bilateral parietal lobes, and visual cortex were the same
across both studies. However, there was additional activation in the
posterior temporal lobe in the present study. Additional posterior temporal
activation may be simply due to individual differences within the subgroup
of 12 learners in this study that may have been washed out in the larger
group of learners in Williams et al. Nevertheless, largely consistent
findings in larger clusters signify that the subset of learners in the present

study is likely representative of a larger group of learners.

T1 activation

After one semester of ASL training there was increased activation
in several brain regions in response to ASL. There was still persistent
modality-specific activation seen in regions such as the left middle
occipital gyrus and right posterior cingulate gyrus. There was also
significant cerebellar activation in both the left anterior lobe and the right
culmen, which are involved in motor planning, articulatory processes, and
language processing (Desmond & Fiez, 1998; Nitscheke, Kleinschmidt,
Wessel, & Frahm, 1996). Additional hand processing activation was seen
in the right inferior temporal sulcus (BA 19). This area has been found to
be more activated for hand motion than face motion (Thompson, Hardee,
Panayiotou, Crewther, & Puce, 2007). Motor-based activation in the
cerebellum and inferior temporal sulcus suggest further changes of the

neural requisites for processing a new sensorimotor modality, especially
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for that of hand processing. Acquisition of hand processing is often
protracted for second language learners of ASL insofar as they often focus
on the hands more than native signers, especially at lower proficiency
levels (Morford & Carlson, 2011).

When examining the contrast between the first post-exposure scan
and pre-exposure (Tl > TO0), there was also greater Dbilateral
supramarginal gyrus activation. The presence of bilateral supramarginal
activation is consonant with greater phonological processing (Hartwigsen
et al., 2010; Sliwinska et al., 2012; Stoeckel et al., 2009). Hartwigsen et al.
(2010) demonstrated disruption to phonological judgments when
transcranial magnetic stimulation was applied over the left supramarginal
gyrus. This is consistent with a number of other findings that have
implicated the left supramarginal gyrus in phonological processing
(Romero, Walsh, & Papagno, 2005).

The putamen was also activated at T1. The putamen is functionally
connected to the left IFG and subcortical regions provide cortical initiation
of phonological representations (Booth, Wood, Lu, Houk, & Bitan, 2007).
Greater phonological processing, as implicated by supramarginal gyrus
activation in addition to greater hand processing, as implicated by
cerebellar, putaminal, and inferior temporal sulcus activation, indicate that
by the end of the first semester learners have transitioned into being able
to process signs phonologically. As such, a primary speculation that can

be inferred from the difference between activation at pre-exposure and
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after one semester of input is that the learner transitions from a more
general motion processing strategy to a more phonologically-based

strategy.

T2 activation

After the second semester (T2), there was greater language-related
activation, especially in the left insula and left IFG. The subregion of the
left inferior frontal gyrus active at T2 is involved in word retrieval and
lexico-semantic processing (Heim, Eickhoff, & Amunts, 2009; Price, 2010;
Thompson-Schill, D’Esposito, Aguirre, & Farah, 1997). The left insula has
also been implicated in language processing including word finding,
language comprehension, and articulation (Ardila, Benson, & Flynn,
2007). Increased activation at T2 in the left IFG and insular regions
suggests a transition from phonological processing to lexico-semantic
processing. MEG studies of hearing late L2 learners also found lexico-
semantic processing in fronto-temporal regions during early stages of
acquisition (Ferjan et al., 2013; Leonard et al., 2013). Therefore, the
present neuroimaging study was able to demonstrate sequential stages in
which a hearing adults learning sign language moves through transitory
stages from domain-general processing, to phonological processing, and
subsequently to lexico-semantic processing — all of which takes about

one year of instruction.
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Although learners showed neural activation patterns suggestive of
more thorough sign processing and phonological processing at T2, they
did not show more accurate or faster performance on the behavioral task.
One might expect that enhanced L2 proficiency would positively impact
phoneme categorization. However, there may be several reasons for this
null effect. First, it is likely that having only 12 learners did not provide
enough power for behavioral differences to arise across time. Second,
given that this task was also a spatial discrimination task, which could
utilize domain-general spatial cognition skKills, it is likely that additionally
ASL exposure may not advantage these learners on this specific task.
Lastly, it is possible that the task was too easy (i.e., TO accuracy = 96.1%)
and ceiling effects prevented from proficiency effects to arise.
Nevertheless, the neural results presented herein are still representative
of the changes at the neural level, despite absence of behavioral effects.
This distinction is meaningful because it demonstrates neural changes

during second language learning that are independent of task.

Right hemisphere recruitment

During acquisition, typical right hemisphere recruitment with a trend
towards left lateralization was found. Greater right hemisphere recruitment
starting at T1 and persisting to T2 is consonant with previous work on
unimodal bilingual language acquisition. Bilinguals may have greater right

hemisphere activation relative to monolinguals (Perani et al., 1998).
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However, activation during language processing often converges to a left-
lateralized language network with increased proficiency (Abutalebi &
Green, 2007). Thus, it is somewhat unsurprising to find similar left-
lateralization for these learners over time, where there was greater
recruitment of the right hemisphere at TO than T1 or T2. However, ASL
learners still had right-hemisphere activation at later time points, which is
similar to native signers (Neville et al., 1998; Bavelier et al., 1998).
However, it was found in the present study that learners had right angular
gyrus [45 -65 47] activation at T2 (SVC p-pwe < 0.05). A previous study
showed a critical period for right angular gyrus activation wherein only
early signers, either monolingual or bilingual, showed right angular gyrus
activation, but this was not present for those who learned sign language
after puberty, like those learners in the present study (Newman, Bavelier,
Corina, Jezzard, & Neville, 2001). Thus, this may be the first evidence for
specialization of sign language processing for late (i.e., after puberty)

learners of sign language, which is not constrained by age of acquisition.

Language control

Another area in which there is debate about learners of sign
language is their ability to control both languages. A previous study
showed that there is no bilingual advantage for native bimodal bilinguals in
their ability to inhibit a prepotent response, which was argued to be due to

divergence between the language modalities (Emmorey, Luk, Pyers, &
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Bialystok, 2008). However, recent neural findings point to the need for
language control in speech-sign bimodal bilinguals. Zou et al. (2012)
found that bimodal bilinguals had greater grey matter volume in the left
caudate nucleus, a region known for its involvement in language control
(for review, see Abutalebi & Green, 2008). The authors argued that
bimodal bilinguals indeed need inhibitory control to navigate between their
two languages, regardless of modality differences. The present study
extends these findings as there were many areas activated that are often
implicated in language control. The first emergence of this type of
activation was after the first semester of exposure where left caudate
activation was observed. Left caudate activation was persistent through
T2, which suggests that language control mechanisms were required up to
at least 10 months of instruction. Typically, lower proficiency learners
require more language control than those with higher proficiency, and as
such, this suggests that within the first year of language acquisition,
bimodal bilinguals still require a large amount of control, despite the
divergence between the modalities. To drive home this point, there was
also activation in the left anterior cingulate gyrus at T1, which has also
been found to be involved in language control (Abutalebi et al., 2008;
Abutalebi & Green, 2008). With activation of the left caudate and anterior
cingulate cortex, this study was able to provide evidence that late L2
learners of ASL may exhibit language control when processing ASL

despite the modality differences.
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An alternative explanation for the involvement of the caudate and
the anterior cingulate is that their activation may also be indicative of less
automatic language processing (Friederici, 2006). Given that these
learners were in very early stages of L2 acquisition sign language
processing may be less automatic, more effortful and error prone. As
such learners may be expected to require more controlled processing from
the left caudate that is unrelated to managing two languages.
Nevertheless, it could be argued that greater controlled processing is the
very role of the left caudate in language control, especially for bilinguals
(Zou et al., 2012). Taken together, activation in the left caudate (and
anterior cingulate cortex) may provide causal evidence that language
control (or more controlled processing) is involved in bilingual processing,
regardless of language modality. However, it should be noted that since
there was no specific contrast within the present study to directly test

language control, these findings are only speculative in nature.

Limitations

The method in our current study was able to tap into both spatial
and linguistic processing regardless of the learners’ knowledge of sign
language. However, the present method did not have a non-linguistic
spatial baseline to ensure that neural changes across time were due to
sign language knowledge and not spatial attention. It has been shown

previously that there is a dorsal frontoparietal network that is engaged

38



during spatial attention (Corbetta & Shulman, 2002). Many of the regions
that showed increased activation at T1 and T2 compared to baseline (TO)
belong to this frontoparietal network. Thus, it may be the case that the
activation seen in the parietal and temporal lobes at T1 and T2 are not
solely due to linguistic knowledge, but rather enhanced spatial attention
processing. Although we cannot fully rule out this possibility, the present
findings are impactful nonetheless for a number of reasons. First, given
that this task is a (uncued) simple spatial task that does not require
working memory and learners can use relatively easy domain-general
spatial processing to complete the task, we would expect little activation
due to attention rather than language. Moreover, given that activation in
frontoparietal lobes was correlated with the acquisition of vocabulary
items, we would argue that this activation is more suggestive of
phonological processing. Second, we would not argue that spatial
attention is not required during sign language processing; therefore,
increased activation in the frontoparietal network due to attentional
enhancements is indicative of enhanced signed language processing too.
Taken together, we would argue that the present study was able to
demonstrate time-specific changes to the neural processing of sign
language that followed modality-specific (e.g., visuospatial) to a more
modality-independent (e.g., attention, amodal linguistic, etc.) processing.

Furthermore, any concomitant enhancements in spatial attention due to L2
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sign language acquisition would be a further indication that learners are

learning to process linguistic stimuli more robustly.

Conclusion

The present study tracked activation pattern differences in
response to sign language processing by late learners of American Sign
Language. Learners were scanned before the start of their language
courses and twice more during their first two semesters (10 months) of
instruction. The study aimed to characterize modality-specific to modality-
general processing throughout the acquisition of sign language. Neural
substrates related to modality-specific processing (e.g., visual and action
processing) were present. Learners transitioned into processing signs on
a phonological basis (e.g., supramarginal gyrus, putamen) before
transitioning once more to a lexico-semantic processing stage (e.g., left
inferior frontal gyrus) at which time language control mechanisms (e.qg.,
left caudate, cingulate gyrus) came online. In conclusion, the present
study is the first to track L2 acquisition of sign language learners for a
better understanding of modality-independent and modality-specific

mechanisms during bilingual language processing.
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Chapter 3: Poor Language Outcomes

This chapter is currently under review, but the formatting has been

slightly modified for the purposes of this dissertation:

Williams, J.T., Darcy, I., Newman, S.D. (in review). Poor M2L2 sign
language vocabulary knowledge engages modality-independent
lexico-semantic and modality-dependent hand and movement

neural processing. Bilingualism Language and Cognition.
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Introduction

Many recent studies have explored how adults acquire a second
language (for review see Kroll et al., 2015). These studies typically include
hearing adult learning whose first language is a spoken language and are
subsequently acquiring another spoken language. In comparison,
relatively fewer studies have investigated individuals who have one
spoken language and one sign language (i.e., bimodal bilinguals or M2L2
learners). Furthermore, the study of the bimodal bilingual brain has been
mostly restricted to native bimodal bilinguals who acquired their languages
simultaneously (Emmorey & McCullough, 2009; Emmorey et al., 2005,
2015). Thus, it is important to expand our knowledge of sign language
acquisition after a spoken language has already been established (Li et al.
2015; Zou et al.,, 2012). Given that many adults are learning sign
languages as a second language (L2) and these two languages require
different sensorimotor modalities (M2), M2L2 learners of sign languages
are the perfect test case to explore modality-independent and modality-
dependent neural mechanisms for L2 acquisition.

There have been several previous neuroimaging studies that have
investigated the neural substrates of L2 vocabulary processing as well as
functional and structural changes due to increasing proficiency (Grant,
Fang, & Li, 2015; Perani & Abutalebi, 2005; Saidi et al., 2013; Stein et al.,
2006, 2012). For instance, bilinguals demonstrate prefrontal engagement

during L2 lexico-semantic processing, which diminishes with increased L2
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proficiency (Grant et al.,, 2015). Similar structural plasticity has been
observed in left prefrontal areas (e.g., inferior frontal gyrus, IFG), such that
higher proficiency learners have greater grey matter volume in the left IFG
than low proficiency learners. Decreased functional activity and increased
grey matter volume are thought to represent enhanced automaticity of
lexico-semantic processing, which is a function of proficiency (Grant et al.,
2015; Ishikawa & Wei, 2009; Stein et al., 2012). Also, there is evidence
that greater activation of cognitive control regions is required due to
parallel competition between lexical items at initial stages of lexical
acquisition (Abutalebi, 2008; Grant et al., 2015; Van Hell & Tanner, 2012).
Despite our growing knowledge of the neural substrates of L2 (within-
modality) lexical acquisition, we still know relatively little about the
acquisition of lexical signs.

The study of second language acquisition of sign language in
adulthood is important to both our understanding of neuroplasticity and
second language theory. Sign languages differ substantially from spoken
languages in their primary articulators. Sign languages rely on arbitrary
manual-visual phonetic codes to convey messages. Additionally, sign
languages exploit the use of spatial dependencies for grammatical and
discourse purposes (Sandler & Lillo-Martin, 2006). The phonology of sign
languages, as such, includes sublexical features that relate to the hands in
space. The primary sublexical features of manual signs are hand

configuration, palm orientation, place of articulation, and movement (Baker
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et al., 2016; Brentari, 1998). Therefore, tracking of hands through space is
important for the lexico-semantic processing of sign languages. Given that
bimodal bilinguals and M2L2 learners are hearing adults who have
experience with both spoken language (oral-auditory modality) and sign
language (manual-visual modality), it is of prime interest to understand
both the modality-specific and amodal aspects of language acquisition and
neuroplasticity.

Studies on simultaneous bimodal bilingualism have delineated
differences and similarities in speech and sign processing. Bimodal
bilinguals (who acquired their two languages simultaneously) show greater
activation in the bilateral parietal cortex and bilateral occipitotemporal
cortex during single sign comprehension (Emmorey et al., 2014
Soderfeldt et al., 1997). These areas are thought to be unique to the
processing of sign languages, and have been activated by spatial
classifiers and verbs in American Sign Language (ASL) in addition to other
demanding visual processing tasks. Sequential bimodal bilinguals show
additional involvement of regions associated with language control (Li et
al., 2015; Zou et al., 2012). However, the time course for developing such
activation patterns in late learners is unclear. Moreover, little is known
about the changes in processing that occur in the bimodal bilingual or
M2L2 learner brain between the initial, naive state of learning and a more
proficient level of language knowledge. Perhaps learners attempt to

process lexical signs as gestures, but move towards lexico-semantic
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processing with time (see Williams, Darcy, & Newman, 2016). Additionally,
there is behavioral evidence that late M2L2 learners of sign language
often have difficulty acquiring the visual-manual characteristics of the
target sign language. Specifically, not only learners have difficulty
acquiring sign language movement, but they also show an overreliance on
the handshape of the sign (Bochner et al., 2011; Chen Pichler, 2011,
Grosvald, Lachaud, & Corina, 2012; Morford et al., 2008; Morford &
Carlson, 2011; Rosen, 2012; Schlehofer & Tyler, 2016; Williams &
Newman, 2015, 2016). Therefore, it may be that the ability to acquire an
L2 sign language is based on the ability to have automatized processing in
regions involved in spatial processing, biological motion, and hand
processing, which subserve visuomotor phonetic processing.

A previous longitudinal neuroimaging study showed that M2L2
learners of ASL progressed stepwise through stages of lexical processing
(Williams, Darcy, & Newman, 2016). Before exposure to sign language the
learners processed ASL lexical signs using non-linguistic (or at least
phonetic) regions implicated in visuospatial and motor processing, with
significant activation in occipital (e.g., calcarine sulcus) and parietal (e.g.,
superior parietal lobule) lobes. After one semester of exposure, the
learners show greater cortical recruitment in supramarginal gyrus and
putamen, suggesting that they transitioned into a phonological processing
stage. Subsequently, the learners transitioned into a lexico-semantic

processing stage after 10 months of exposure, where they recruited more
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activation in the left inferior frontal gyrus. It is possible that the progression
of lexical processing is different for those who are poor learners, which
was not investigated in the aforementioned study. It could be posited that
poor vocabulary learners perseverate on the modality-specific aspects of
sign language (e.g., visuospatial and visuomotoric features), or do not fully
automatize such processing routines, which may block or delay successful
sign language acquisition.

Given the gap in knowledge about M2L2 sign language acquisition,
the present study aimed to characterize the neural substrates of
vocabulary acquisition and lexical sign processing in hearing M2L2
learners of American Sign Language (ASL) at early stages of acquisition.
Specifically, there were three main aims of the present study:

The first aim was to characterize the pattern of vocabulary
acquisition across the first year of instruction. Not only has there not been
a prior study that has examined the lexical acquisition trajectory of M2L2
learners in foreign language classrooms, which is theoretically motivated,
but also it is meaningful from an applied perspective so that we can better
understand whether acquisition rates change during certain semesters.
The expectation, of course, was that students would acquire new lexical
knowledge in a relatively equal stepwise fashion.

Second, since learners have little knowledge of sign language at
the start of their L2 instruction, we aimed to characterize how limited

vocabulary knowledge affects M2L2 sign language processing. The
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individual variability in brain response prior to learning may be predictive
of future attainment. For example, we hypothesized that students who
later have a smaller sign vocabulary process lexical signs as holistic visual
objects instead of decomposable linguistic objects which is how we
hypothesize that those who later develop a larger sign vocabulary. This
difference in initial processing, again, is expected to be observed in the
brain activation patterns and will impact later learning.

Our third aim is to how gains in vocabulary knowledge affect neural
processing after 10 months of L2 instruction. Specifically, we examined
whether the poor vocabulary learners persisted with the holistic
processing strategy after one year of instruction, or whether their strategy
had shifted. We hypothesized that perhaps continued processing of signs
using areas dedicated to biological motion (e.g., temporoparietal and
occipitotemporal) and hand (e.g., intraparietal sulcus, putamen)
processing would suggest the use of relatively less efficient strategies that
focus on decoding the movement. Furthermore, given the year-long
exposure to lexical signs, we might expect greater phonological and/or
lexico-semantic processing (e.g., inferior frontal gyrus (IFG); “Broca’s
area”) at T2 because previous studies have shown lower proficiency
learners recruit greater activation in IFG when viewing lexial items (Grant
et al., 2015).

By examining these questions, the present study was able to

elucidate how vocabulary knowledge affects the neural processing of ASL.
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Theoretically, it was aimed to corroborate behavioral studies that have
characterized deficits in M2L2 acquisition. From a practical perspective, if
the neurocognitive profiles of poor vocabulary learners can be identified,
which may be indicative of a global sign language deficit, then potential
classroom interventions that aim to improve M2L2 acquisition can be
developed to address those deficiencies. We aimed to answer these
guestions using a longitudinal design in two different experiments. First,
Experiment 1 tracked the changes in vocabulary knowledge over 10
months, or two semesters, of ASL exposure. Experiment 1 was included in
order to address our first aim and to determine whether our subset of
learners was representational of a larger sample. Experiment 2 examined
the pattern of neural activation in response to viewing ASL lexical signs
before and during their L2 instruction for 10 months in a subset of 12
hearing adult learners of ASL from Experiment 1. The use of a longitudinal
neuroimaging design affords us the opportunity to examine vocabulary
acquisition without the confounding factors that plague cross-sectional
designs (e.g., different brains, language and scholastic experiences,

instructors, coursework, etc.).

Experiment 1: Behavioral Changes in Vocabulary Acquisition

Materials and Methods

Participants
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Thirty-four (male = 10) hearing English-speaking college students
participated in Experiment 1. All participants were right-handed according
to the Edinburgh Handedness scale (M = 85.6, SD = 19.1). All participants
reported English as their first language. The participants in this study were
recruited from introductory American Sign Language (ASL) courses at
Indiana University. The participants had little to no exposure to ASL (or
any other spoken second language) before enrollment in the ASL course.
All participants gave written consent to perform the experimental tasks,
which was approved by the Indiana University Institutional Review Board.

At baseline (TO) the 34 participants had a mean age of 20.6 (2.5).
Participants were recruited during their first week of Beginning ASL |
enrollment. On average they had 1.06 (range = 0 — 5, SD = 1.49) hours of
instruction. According to course instructors, the instruction in the first week
of classes included introduction to the course, the target language and
culture, but little linguistic instruction. Furthermore, most to all instruction
was conducted in English during the first week. That is, these participants
had minimal to no linguistic knowledge of the target language.
Additionally, the participants rated their proficiency in both English and
ASL on a scale from 1 to 7 (1 = “Almost None,” 2 = “Very Poor,” 3 =
“Fair,” 4 = “Functional,” 5 = “Good,” 6 = “Very Good,” 7 = “Like Native”)
for their understanding and fluency abilities. Their average scores across

both categories were 7 (0) for English and 1.15 (0.31) for ASL.
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After one semester (approximately 13 weeks later), the participants
were brought back. Twenty-five participants (male = 7) returned for their
first post-exposure follow-up (T1). On average they had 43.98 (1.12) hours
of instruction. They rated their ASL ability as a 3.32 (1.05) and their
English ability as 7 (0). Course grades were also recorded and they
received an average of 91.12% (4.87) in their ASL course.

After a second semester of ASL training, 12 participants (male = 5)
returned for their second post-exposure session (T2). On average they
had 89.5 (1.95) hours of instruction and rated their ASL ability as a 3.92
(0.63). At T2, participants had an average of 91.7% (4.64) in their second

ASL course.

Procedure

Participants took a vocabulary test to obtain a gross measure of
their vocabulary knowledge over time. The test was constructed by taking
the signs from the current ASL textbooks across all four semesters of the
current ASL curriculum (Smith et al., 1988a, 1988b, 2008). Based on data
retrieved from ASL-LEX (Caselli et al., 2016), the signs included in this
test were 142 signs total and were relatively high frequency (M = 4.59, SD
= 1.16; very frequent = 7, infrequent = 1) and were arbitrary (M = 2.29, SD
= 1.69; very iconic = 7, arbitrary = 1). During the speeded vocabulary-
translation task, participants viewed video clips of the signed words

produced by a native signer only once (Figure 3). Participants were
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required to type in the English translation (or a guess) within five seconds.
An automated procedure was used to score their translations for correct
answers, including any synonyms (e.g., bathroom or restroom would be
accepted for BATHROOM). A total score correct out of 142 was used as the

participants proficiency score.

Type the English translation now:

bathroom|

Figure 3. Design of speeded vocabulary-translation task.

Statistical Approach

Two different analysis methods (R software) were used to analyze
the changes in vocabulary knowledge across the three time points. Given
that there was attrition in the number of subjects over time, the statistical
methods needed to account for missing data. A typical analysis of
variance would not be appropriate for missing data, or different sample
sizes, across each time point. Therefore, two methods that are robust to

missing data were used. First, a predictive mean matching method (k = 5)
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was used, in which missing values from the attrited participants were
imputed and accessed using pooled data across multiple regressions
(Landerman, Land, & Pieper, 1997). Including T1 was not only
advantageous because it improves the imputation approach by
contributing more data, but also it provides clearer understanding of
vocabulary growth over time. Given some downsides to imputation (see
Landerman et al., 1997), a linear mixed-effect model was also performed
(Verbeke & Molenberghs, 2009). Both methods have their respective
downsides when it comes to missing data; thus, any convergence of
results between the two models as taken as an indicator of confidence. A
correlation was performed between TO and T2 scores with the vocabulary
growth (Vocabt, — Vocabrg) for the 12 recurrent subjects to investigate
whether the change was due to performance at baseline or after sign

language exposure.

Results

Figure 4 illustrates the average vocabulary score for the ASL
learners at each time point. The regression results showing the size of
vocabulary increases over time are presented in Table 1. Results from the
pooled regressions after missing data was estimated with ten imputations
found that the intercept coefficient has a value of 7.03 (SE = 2.11), T1 has
a value of 35.9 (SE =4.78), and T2 has a value of 40.4 (SE = 12.80). This

indicates that relative to the baseline, there was a large and significant
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increase in vocabulary scores at T1 (t = 7.52, p < 0.001), while T2 only
further increased the outcome by around five lexical signs (t = 3.16, p <
0.05). T-values were large (greater than 2.0) after both semesters and
have p-values less than 0.05, meaning the differences are statistically
significant when comparing them to the baseline. Results from the linear
mixed-effects model corroborated these findings. There was a significant
increase relative to baseline for both T1 (t = 17.58, p < 0.001) and T2 (t =

17.09, p < 0.001).
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Figure 4. Mean vocabulary scores at each time point averaged across all
subjects.

Table 3. Vocabulary scores at each time point

Variable M SD range
TO 7.22 3.42
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T1 45.48 8.75
T2 55.83 9.19

No significant correlation was found between vocabulary growth
and TO gross vocabulary score [r = 0.218, p = 0.496], but there was a
significant correlation between vocabulary growth and T2 gross
vocabulary score [r = 0.918, p < 0.0001]. Therefore, those who had the
largest increases in their score also had the largest T2 vocabulary, but the

increase was not dependent on their baseline vocabulary score at TO.

Experiment 2: Neural Correlates of M2L2 Vocabulary Acquisition
Materials and Methods
Subjects

The learners in Experiment 1 also participated in several
neuroimaging sessions. However, due to significant amount of attrition,
only 12 subjects that attended all three neuroimaging sessions. Thus,
Experiment 2 only included these 12 learners in the multiple regression
analysis of the BOLD responses to ASL lexical signs. A longitudinal
design allows for the change over time in the neuroimaging data to be
attributed to the subjects and not to an effect of different number of
subjects at each time point or other factors between groups in a cross-
sectional study.

All 12 learners (male = 5) were right-handed according to the

Edinburgh Handedness scale (M = 87.5, SD = 19.1) with a mean age of
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20 (1.7). All participants reported English as their first language. On
average they had 1.06 (SD = 1.49), 44.12 (SD = 1.00), and 89.5 (SD =
1.95) hours of instruction at TO, T1, and T2, respectively. These learners
self-rated their ASL ability as 1.21 (SD = 0.37), 3.12 (SD = 0.82), and 3.92
(SD = 0.63) at TO, T1, and T2, respectively. The learners also had an
average of 90.8% (SD = 4.26) and 91.7% (SD = 4.64) in their ASL course
at T1 and T2, respectively.

The mean number of vocabulary signs known for this subset of
learners was 8.08 (SD = 3.3), 46.06 (SD =9.5), and 55.8 (SD =9.2) at TO,
T1, and T2, respectively. These values (i.e., age, handedness, hours of
exposure, grades, or self-rating) are consistent with the overall sample
descriptive statistics thus they suggest that this subset of learners can be
treated as a representative sample of the larger L2 ASL learners from

Experiment 1.

Procedure

The impact of vocabulary knowledge on L2 sign language
processing was also tracked using functional magnetic resonance imaging
(fMRI). The participants performed a short phoneme categorization task
with thirty categorization trials in total. The task took about 9 minutes.
Participants viewed a native signer signing words with the speaker’s full
face and torso shown in front of a blue-gray backdrop. All stimuli (see

Appendix) were high frequency monomorphemic signs from various word
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classes (i.e., nouns, verbs, adjectives; Caselli et al.,, 2016). Signs were
split into two groups: signs with place of articulation (i.e., location) on the
head or face and signs with the location on the body, non-dominant hand,
or neutral space (i.e., not on the face). Recall that place of articulation (or
location) is a sublexical feature of sign language and is considered similar
to a phoneme (Baker et al., 2016; Brentari, 1998; Sandler & Lillo-Martin,
2006). As such, this task is in essence a phoneme classification task. The
selection of face and not-face locations was to match for the bilabial
(visible on the face) and non-bilabial (not visible on the face) task that was
implemented in Willams et al. (2015, 2016), while still being
phonologically valid in ASL. Although the task itself was meaningless, it
required participants to phonetically process the signs by splitting the
signs into these two conditions, which the viewing of signs was thought to
engage automatic lexical processing (similarly for audiovisual speech, see
Campbell et al., 2011).

The functional task was presented in an event-related design. For
each trial a 500-millisecond fixation point was presented before the video
appeared. Each stimulus video varied in duration (M = 1593.33, SD = 2.53
ms) and was followed by a jittered interstimulus interval (ISI range = 4000
— 8000, M = 6000 ms). Participants were told to press the right index
finger for signs that were produced on the face, and to press the left index
finger for signs that were produced on the body. They were instructed to

make their responses as quickly and accurately as possible. In addition to
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the ISI, a 30 second fixation was presented at the beginning of the task

and was used as a baseline.

Imaging Parameters

Participants underwent two scans using a 32-channel head coil and
a Siemens 3 Tesla TIM Trio MRI scanner. The first scan was an
anatomical T1-weighted scan used to co-register functional images. An
MPRAGE sequence (160 sagittal slices; FOV = 256 mm, matrix =
256x256, TR = 2300 ms, TE = 2.91 ms, Tl = 900 ms, flip angle = 9°, slice
thickness = 1 mm, resulting in 1-mm x 1-mm x 1-mm voxels) was used.
The remaining scans were the experimental functional multiband EPI
scans (59 axial slices using the following protocol: field of view = 220 mm,
matrix = 128x128, iPAT factor = 2, TR = 2000 ms, TE = 30 ms, flip angle =

60°, slice thickness = 3.8 mm, 0 gap).

Data analysis

Functional images were analyzed using SPM8 (Wellcome Imaging
Department, University College, London, UK; freely available at
http://fil.ion.ucl.ac.uk/spm). During preprocessing images were corrected
for slice acquisition timing, and resampled to 2 mm? isovoxels, spatially
smoothed with a Gaussian filter with a 4 mm® FWHM kernel. All data were
high-pass filtered at 1/128 Hz to remove low-frequency signals (e.g., linear

drifts). Six-parameter rigid body motion correction was performed and
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motion parameters incorporated into the design matrix as nuisance
regressors in the General Linear Model (GLM). Each participant’s
anatomical scan was aligned and normalized to the standardized SPM8
T1 template and then fMRI data were co-registered to high-resolution
anatomical images.

At the individual (first) level, statistical analysis was performed
using the standard GLM with Gaussian random fields in SPM8. The ASL
stimulus onsets and durations were entered as our main regressors in the
GLM in order to model the hemodynamic response function with stimulus
events (Friston et al., 1995). BOLD signal from a common fixation
baseline was subtracted from BOLD related to viewing ASL signs and was
used as our estimated contrast. For the second level analysis on group
data, multiple regression analyses were performed at each time point (TO
and T2) using each subject’'s ASL-Fixation contrast with each learner’s
respective vocabulary score at that time point entered as a covariate.
Vocabulary score was the only covariant added to the model. Given that
vocabulary scores were relatively the same between T1 and T2, we
decided to only include T2 in the current analysis; additionally, T2 was
thought to maximize the potential of finding neuroplastic effects given that
it was approximately 10 months post-baseline compared to 3 months at
T1 and had the highest amount of variability in vocabulary scores. To
correct for multiple comparisons, the image dimensions and the smoothing

parameter of the processed data were entered into AFNI's 3dClustSim
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program in order to determine cluster sizes that would be significant given
our voxel-wise p-value. Given the results of 5000 Monte Carlo simulations,
both positive and negative regressions were performed using a voxel-wise
p < 0.005, which was corrected to alpha < 0.05 with a cluster extent
threshold of 62 voxels or more™.

Since vocabulary score was the main predictor in our multiple
regression model, we wanted to make sure that there were no
confounding factors, like gender or task performance, that could explain
our results. It is possible that task difficulty could explain the results;
however, it is only intuitive that there will be a significant correlation
between vocabulary score and the learner’s ability to classify sublexical
features of sign language. If vocabulary score and task performance are
correlated then following common procedures for dealing with collinearity
in predictor variables, one will be excluded. In this case, we will exclude
task performance because it does not directly address the current aims. If
they are not correlated, then vocabulary will remain within the model.

Previous studies have also shown that women are better at
acquiring second languages than men (van der Slik et al., 2015).
Therefore, we also analyzed whether our vocabulary scores differed

based on gender using a point-biserial correlation at each time point

! These clusters happened to also pass family-wise error (FWE) p<0.05 cluster
correction implemented in SPM8.
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separately®. If there is a significant correlation with gender, then parameter
estimates of the BOLD signal will be extracted from the significant clusters
in our whole brain analysis by defining a 5-mm? sphere at the center-of-
mass for each significant cluster using Marsbar, an SPM toolbox (Baker et
al., 2002). Parameter estimates will be correlated with vocabulary scores
while controlling for gender in an ad-hoc partial correlation. Only the
clusters that survive the gender-correction will be considered significant in
our analyses. This method allows us to control for cofounding factors while

maintaining the integrity of our whole brain analysis.

Results
Correlations

Task performance on the in-scanner phoneme categorization task
was arcsine transformed and correlated with vocabulary score and gender
at TO and T2 separately. The analysis revealed trending or significant
correlations between vocabulary score and performance at both TO (r =
0.563, p = 0.057) and T2 (r = 0.989, p < 0.001). However, there was no
significant effect of gender on task performance at either TO (r = 0.083, p =
0.797) or T2 (r = -0.486, p = 0.055).

Point-biserial correlations between TO vocabulary score and gender

showed moderate negative correlation (r = -0.541) that was trending

2 Vocabulary scores were also compared between genders using a Wilcoxon rank-
sum test, which corroborated the results from the correlation analysis (T0: Z = -
1.8,p=0.072; T2: Z=-2.2, p = 0.028).
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towards significance (p = 0.070), which means that those participants who
reported as female tended to have higher vocabulary scores than those
who reported as male. Similar correlations between T2 vocabulary and
gender revealed a significant negative correlation (r =-0.714, p = 0.009).
These results revealed that phoneme categorization and
vocabulary knowledge are significant correlated, especially after one year
of sign language instruction; however, no correction for task performance
will be used since they are adversely collinear and statistically represent
the same amount of variability. On the other hand, gender did significantly
influence vocabulary scores, where female learners outperformed male
learners. As such, activation from significant clusters in our whole-brain
multiple linear regression will be corrected for gender in our ad-hoc

analysis.

Multiple Linear Regression
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Figure 5 shows activation negatively correlated with vocabulary scores at

baseline (TO) and at the second post-exposure scan (T2). Therefore,

activation seen here is representative of increased activation to viewing

ASL signs for those with poor vocabulary knowledge.

Table 4. Multiple regression analysis (p-corrected < 0.05; k = 62)

MNI
Cerebral Regions Voxels coordinates r leorr
X
TO
Left
Anterior Cingulate i i ) ok i
Cortex (ACC) 74 4 34 2 0.603 0.4611
Insular Cortex (INS), 71 36 29 ! [0.855%* (0. 787%
extending into IFG ' '
Middle Frontal Gyrus i ; *k ) *
(MFG) 85 26 20 62 0.741 0.614
Right
(ko) oMY 238 36 24 14 0701 0719
Anterior Superior i} *x .
Frontal Gyrus (aSFG) 105 12 64 24 0.653 0.445t
T2
Left
I(nferit;r Frontal Gyrus 63 .38 on 22 [0.822%*  _0).585¢
P.Tri ' '
Supplementary Motor ) ) W ko
Area (SMA) 226 8 0 60 0.906 0.797
Temporal Pole 21 -42 12 -26 -0.865***  -0.747**
Superior Frontal Gyrus i ) T *
(SFG) 117 16 60 3 0.823 0.609
Middle Frontal Gyrus i ) ——— ok
(MFG) 373 24 16 58 0.854 0.745
Right
Temporoparietal ) ) *xk *
Junction (pSTC) 66 60 42 4 0.845 0.653
Middle Temporal 75 54 6 -10  -0.823"* -0609*

Gyrus (MTG)
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Inferior Frontal Gyrus 125 52 38 -10 -0.739** -0.463t
Anterior Middle Frontal i wx -
Gyrus (aMFG) 935 10 48 50 0.804 0.708

Middle Frontal Gyrus _ sk *
(MFG) 131 26 8 50 0.783 0.556

Note: 1p<0.1, *p < 0.05, **p < 0.01, **p < 0.001

Figure 5 shows the increased activation in response to viewing ASL
signs that is correlated with poor vocabulary knowledge. Results from the
multiple regression analysis indicated a negative correlation such that
subjects with lower sign vocabulary knowledge at baseline (TO) had a
significant increase in activation in bilateral inferior frontal gyrus, left
insula, and left middle frontal gyrus. All of these survived correction for
gender differences in vocabulary knowledge. There was also increased
activation in left anterior cingulate gyrus and the right anterior portion of
the superior frontal gyrus; however, these clusters only trended towards
significance once gender was controlled. There were no significant
positive correlations with vocabulary score. In other words, there were not
any regions that showed increased activation to viewing ASL signs that
were positively correlated with vocabulary knowledge.

Results from the multiple regression analysis at T2 showed that
there were significant negative correlations in bilateral prefrontal cortex
(including superior frontal, middle frontal, and inferior frontal gyri), the right
posterior temporoparietal junction (around the superior temporal cortex),
the right middle temporal gyrus and the left temporal pole. All of these

correlations survived correction for gender except for the right inferior
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frontal gyrus, only trended towards significance. There were no significant

positive correlations with vocabulary score at T2.

Discussion

The overall objective of the present longitudinal study was to
broadly capture how second language (L2) signed vocabulary knowledge
affects neural activation during the processing of ASL. Specifically, there
were three main research aims. First, we wanted to characterize
vocabulary acquisition over two semesters of instruction. Second, given
that these learners had little knowledge of sign language at the start of
their L2 instruction, one aim was to characterize how limited vocabulary
knowledge affects processing of a novel second language. The last aim
was to characterize how vocabulary knowledge affects neural processing
after 10 months of L2 instruction; specifically, we were interested in how
vocabulary knowledge modulated the difference in ASL processing at TO
and after two semesters of instruction (T2) in order to capture potentially
diagnostic neurocognitive profiles of learners who struggle with acquiring
sign. The results from the present study indicated that poor ASL
vocabulary knowledge was associated with increased activation in regions
that are commonly involved in lexico-semantic and phonological
processing and decision making as well as modality-specific processing of
multimodal integration, salience and biological motion processing. This

pattern fits into our overall theoretical framework that nonnative signers

64



struggle with visuomotoric properties, namely movement, that impede their
ability to acquire sign language.

In order to characterize how very limited knowledge may impact
vocabulary acquisition and processing, ASL learners who had relatively
little knowledge of ASL at the beginning of L2 instruction were studied.
Despite their limited knowledge after a few hours of instructions at TO,
these learners varied in their lexicon size, even at TO (indicate range). It
was hypothesized that learners with poor incoming vocabulary knowledge
would show greater activation in regions associated with modality-specific
visuomotoric phonetic processing and, perhaps, lexico-semantic
processing for known signs that are phonologically related to the target
sign (neighbors). The pattern of results from baseline measurements (TO)
confirmed our predictions, where increased activation in bilateral inferior
frontal gyrus (IFG), left insula and anterior cingulate cortex (ACC), left
middle frontal gyrus, and the anterior portion of the right superior frontal
gyrus was observed. We will speculate on the role of each activated
region in turn.

The left anterior insula has been implicated in language processing
(Ardila, Benson, & Flynn, 2007). More generally, however, the activation of
the left anterior insula may be more indicative of increased difficulty in
cross-modal multisensory integration (Allen et al., 2008; Kurth et al.,
2010). Allen and colleagues argue that the insula’s connectivity to sensory

cortices lends itself to multisensory integration, especially for sign
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language which requires visual-tactile-vestibular integration. Similarly, co-
activation of the frontoinsular cortex and the ACC point to increased
salience processing (Seeley et al., 2007; Uddin, 2015), where the insula is
thought to be important for interoceptive and viceromotor body processing.
The neural signal from frontoinsular cortex flows to the central executive
network, including the ACC, which initiates decision-making (Uddin, 2015).
High levels of activation in the anterior cingulate and other prefrontal
regions suggests that these learners also required greater effort in areas
of decision making and control (Allman et al., 2001; Cohen et al., 2000;
Sohn et al., 2007) and perhaps the need to cope with greater task
demands (Burgess et al., 2007). As such, it can be hypothesized that
learners with smaller vocabulary sizes require more neural resources in
order to integrate the visual and motoric salience of the signs so that the
phonological content can be determined; therefore, poor vocabulary
knowledge is likely linked to less efficient visuomotor phonetic perception,
which requires greater neural resources.

Support for poor visuomotor phonetic perception is indicated by the
distributed activation in the frontal lobe. The anterior portion of the
superior frontal gyrus has been implicated in pseudosign recognition in
hearing nonnative signers (Emmorey & Braun, 2011). Additionally,
activation in the middle frontal gyrus corresponds to spatial judgements
and perspective-taking (Kaiser et al., 2008; Smith et al, 2010) and

activation in bilateral inferior frontal gryi are implicated in movement
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imitation (Corina & Knapp, 2006; Newman-Norlund et al.,, 2007).
Particularly, left IFG has also been implicated in phonological processing
of the hand in sign language (Corina, 1999).

Together, these findings suggest that sign language learners with
poorer vocabulary knowledge, and perhaps less exposure to sign
language, require greater activation in regions involved in multimodal
integration, salience, visuospatial and motor phonological processing, and
decision making. This pattern of activation might be a predictor of M2L2
deficits in vocabulary acquisition later down the line. This predictive power
must be tested in future experiments, but we can evaluate its potential
validity by examining activation after one year of exposure.

After two semesters of L2 instruction, or about 10 months, there
was a significant increase in the learners’ vocabulary scores. Now that
learners had more experience with sign language, the study aimed to
investigate whether there was a change in the neural substrates recruited
for those learners with poor vocabulary knowledge. In fact, the overall
pattern of activation was similar at T2 insofar as we observed recruitment
of prefrontal and frontal cortex. This means that learners with poor
vocabulary scores, even after 10 months of exposure, required greater
neural resources when viewing ASL signs. Particularly, the left IFG was
activated. Left IFG has been implicated in the selection of semantic
information, where increased activation is representative of more effortful

processing and increased difficulty in selection among competing
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information (Fiez, 1997; Sakai, 2005; Thompson-Schill et al., 1997,
Vigneau et al., 2006). Right IFG has also been shown to be activated
during word retrieval when more processing is needed, including bilinguals
(Blasi et al., 2002; Marian et al., 2003, 2007). Previous studies on L2
vocabulary acquisition have also shown increased grey matter volume in
left IFG for high proficiency learners, suggesting more controlled
automatic lexical processing (Stein et al.,, 2012). Increased functional
activation was seen in IFG for low-proficiency learners relative to high
proficiency learners (Ishikawa & Wei, 2009). There was also differential
activation at T2 in the temporal lobes. For instance, there was additional
bilateral temporal lobe activation. Left anterior temporal pole activation has
also been shown to be involved in the semantic network (Price, 2010). As
such, it can be argued that there was greater recruitment needed for word
retrieval for these learners with poor vocabulary knowledge. Greater word
retrieval difficulties may be due to poor phonological processing more
generally.

There is a consistent relationship between L2 phonological
processing skills and vocabulary acquisition in spoken languages
(Bundgaard-Nielsen, Best, Koors, & Tyler, 2012; Bundgaardd-Nielsen,
Best, & Tyler, 2011a,b; Darcy, Park, & Yang, 2015). In other words,
previous studies have shown that L2 learners’ vocabulary size expands as
a function of being able to make phonological contrasts in their L2. Given

this relationship, it can be hypothesized that the aforementioned deficits in
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the M2L2 population might be tied to poor phonological processing,
especially given the activation in left IFG. Studies of both spoken and
signed language that have shown left IFG is related to phonological
processing (Corina et al., 1999; Corina & Knapp, 2006; Emmorey, 2015;
Heim et al., 2009; Vigneau et al., 2006; Williams et al., 2015b). For
example, Corina and colleagues (1999) found that left inferior frontal areas
are important for recognition of bracheomanual articulation of signs.
Moreover, Emmorey and colleagues (2015) similarly found that left IFG is
important for complex manual movements. Activation in the
supplementary motor area suggest potential motor simulation for bimanual
coordination and movement sequence timing (Serrien et al., 2002; Shima
& Taniji, 1998). Therefore, after more experience with signs, those learners
who have poor vocabulary knowledge also required greater phonological
activation when viewing ASL signs. This may be a result of poor modality-
specific (i.e., hand and motion) processing that subserves sign language
phonology contrasts.

Right hemispheric recruitment of the cortex surrounding
temporoparietal junction has been implicated in hand processing and
biological motion (see Puce & Perrett, 2003 for a review). Such an
activation pattern may indicate difficulty in acquisition of a visual
phonology. Difficulty to acquire visual phonology has been reported
several times in L2 learners of sign language (Bochner et al., 2011;

Grosvald, Lachaud, & Corina, 2012; Morford et al.,, 2008; Morford &
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Carlson, 2011; Chen Pichler, 2011; Rosen, 2012; Schlehofer & Tyler,
2016; Williams & Newman, 2015a, 2016a). Behavioral data has shown
that L2 learners of sign language often have more difficulty in processing
the handshape and movement phonological parameters relative to other
parameters (Bochner et al., 2011; Morford & Carlson, 2011; Williams &
Newman, 2015, 2016). Movement is important for sign acquisition
because the phonological sequencing of the syllable (i.e., sonority) is
directly related to movement, which is the syllable nucleus (e.g., Brentari,
1998). Therefore, poor inability to process the visuomotor phonetic
properties of signs, particularly movement, hinder the construction of legal
syllable structure, potentially preventing consolidation into or the retrieval
from lexical memory. Here, we may have some of the first neural evidence
that difficulty with biological motion processing, as indicated by increased
activation, which underlies the phonetic and phonological foundation of a
visual language, might contribute to poor sign language vocabulary
acquisition.

Taken together, the results of the present study revealed that
second language learners require activation of modality-independent
neural substrates for lexico-semantic processing, such as the inferior
frontal gyrus and temporal pole. Additionally, the results from the present
study indicated that L2 learners of sign language require automatized
processing in areas involved in multimodal integration, salience, biological

motion processing and motor simulation. This is the first longitudinal
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neuroimaging study that have investigated modality—independent and —
dependent mechanisms for second language acquisition of sign language.
Therefore, this study provides additional neural evidence that second
language sign language proficiency (via lexical knowledge) rests on the
ability to acquire and process visual phonology. It should be noted that the
present study was conducted on a small sample of 12 learners, despite
their relative representation of a larger group of learners. Future studies
will need to be conducted to examine whether this is a reliable effect and
whether these profiles are truly diagnostic of future, perhaps long-term,
deficits in M2L2 acquisition, and whether targeted, explicit phonological
instruction (pronunciation and perception training) could facilitate M2L2

lexical acquisition.

71



Chapter 4: Movement Effects on Learning I: Movement Deficits

This chapter has been previously published, but the formatting has

been slightly modified for the purposes of this dissertation:

Williams, J.T., & Newman, S.D. (in press). Phonological substitution errors

in L1 ASL sentence processing by hearing M2L2 learners. Second

Language Research, 32(3), 347-366.
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Introduction

Second language learners often have difficulty in perceiving and
producing phonological contrasts in their second language (Best & Tyler,
2007; Flege, 1995; MacKain, Best, & Strange, 1981). These findings are
often reported for unimodal L2 learners who are acquiring another spoken
second language. A growing body of research, however, has begun to
explore phonological perception and production of bimodal (M2; second
modality) L2 learners of sign languages (Bochner, Christie, Hauser, &
Searls, 2011; Morford et al., 2008; Morford & Carlson, 2011, inter alia).
The aim of the present study was to explore the phonological errors that
M2L2 learners of American Sign Language (ASL) make during ASL
sentence processing. Additionally, we investigated whether phonological
substitution errors differed across native and M2L2 interlocutors.

American Sign Language is the primary language of d/Deaf® and
hard-of-hearing individuals in the United States. ASL is a natural language
with all of the same linguistic characteristics of spoken language (e.g.,
phonology, morphology, syntax, semantics; Sandler & Lillo-Martin, 2006).
ASL phonology includes at least three sublexical features: handshape,

movement, and location (see Figure 1 for the sublexical characteristics of

® Capitalized Deaf often refers to those individuals who were born deaf
and consider themselves part of Deaf culture, including using American
Sign Language, whereas the lowercase deaf often refers just to
audiological status among those who are late-deafened or do not identify
with the Deaf community.
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the sign cHeese®, Liddell & Johnson, 1989:; Sandler, 1989; Brentari, 1998).
Handshape is the configuration and the selected fingers and joints of the
articulating hands during sign production. Movement is the directionality
and path features of the hands during sign production. Location is the
place on the body where the sign is being articulated. Another proposed
sublexical feature of sign languages is orientation (also included in Figure
6). Orientation is the palm position in a 3D coordinate space of articulation
used for sign production. Some phonologists argue that orientation is a
separate sublexical feature (Brentari, 1998) while others propose that it is
included in the feature geometry of the hand configuration (Sandler,
1989). Due to the lack of consensus on the orientation feature and the fact
that some previous studies have also excluded orientation (e.g., Morford &
Carlson, 2011), only handshape, movement, and location will be analyzed

in this study.

HANDSHAPE LOCATION MOVEMENT  ORIENTATION

Figure 6 shows the different phonological parameters in American Sign

Language.

* Small lower-case letters is the convention for glossing ASL signs.
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Sign language perception and the intelligibility thereof can be
influenced by the phonological characteristics of the signs themselves.
The accuracy and timing of perception for each sublexical feature during
sign processing is different, which can also be modulated by language
experience. One of the earliest and most accurately acquired sublexical
features in sign language is location (Marentette & Mayberry, 2000; Meier,
2000). M2L2 learners often focus on the subtle sub-phonemic features of
the handshape parameter, which often leads to higher errors in a
handshape monitoring task relative to native signers (Grosvald, Lachaud,
& Corina, 2012; Morford & Carlson, 2011; Chen Pichler, 2011). Movement
is one of the more difficult sublexical features to perceive for M2L2
learners such that the highest error rates in perception are seen for
sentences that contain signs contrasting in movement features (Bochner
et al., 2011). Moreover, nonsigners and nonnative signers have difficulty
acquiring and discriminating signs based on movement features due to
their highly complex and less perceptually salient characteristics (Brentari,
1998). Although there is limited research on perception of these
phonological parameters in hearing M2L2 learners and little consensus on
the order of acquisition, one previous study has looked into perception of
these phonological parameters to suggest a tentative hierarchy of
perceptual difficulty (Bochner et al., 2011).

A previous same-different task investigated phonological parameter

discrimination in a sentence-matching paradigm with embedded minimal
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pairs contrasting in handshape, orientation, location, movement, and
complex morphology (Bochner et al., 2011). The authors demonstrated
increased errors in same-different responses for sentences containing
minimal pairs (i.e., different trials) compared to sentences that did not (i.e.,
same trials). Moreover, there were more errors in same-different
judgments for sentences that contained minimal pairs that differed by
movement than handshape or location.

Late learners’ perceptual confusion of phonological units may lead
to greater phonological errors. Mayberry and colleagues found similar
phonological errors for late learners, which suggests that difficulty
processing the phonological structure of signs leads to greater substitution
errors (Mayberry, 2007; Mayberry & Eichen, 1991). The primary aim for
the present study was to investigate whether there were uncontrolled and
naturalistic phonological errors while viewing ASL sentences. Based on
the aforementioned studies, it was hypothesized in the present study that
learners would make phonological substitution errors during signed
sentence processing and each phonological parameter would have
different prevelance rates. Location errors were posited to be rare due to
their perceptual salience. Handshape and movement errors were
expected to be relatively high due to their proposed difficulty. These
effects, however, have only been seen in L2 perception of native signer

production; it is less known how L2 perception is modulated by L2 input.
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Another primary aim of the present study was to investigate
whether phonological errors are modulated by the interlocutor's
proficiency. It has also been shown that the native status of the
interlocutor influences the listener’s perception (Bent & Bradlow, 2003; Xie
& Fowler, 2013). However, second language learners often have gains in
intelligibility compared to native speakers when listening to other
nonnative talkers. This phenomenon is called the interlanguage speech
intelligibility benefit (ISIB, Bent & Bradlow, 2003). That is, L2 learners have
equal or greater word recognition for words produced by nonnative
speakers than native speakers of a given target language. This same
phenomenon may arise for L2 learners of sign language when processing
native and nonnative sign production. L2 learners in fact produce
nonnative cues when signing (Cull, 2014; McDermid, 2014; Rosen, 2004).
Nonnative cues (i.e., handshape and movement distortions, location
variability, etc.) that surface due to acquiring a new sensorimotor system
for language production may connect these nonnative signers in a similar
way relative to hearing nonnative speakers. These nonnative cues, or
changes to signing production, might arise out of an L2 dialect often
attributed to nonnative signers (McDermid, 2014; Mirus, Rathmann, &
Meier, 2001; Pichler, 2011; Rosen, 2004). Evidence for an L2 dialect
comes from research examining the sign production of M2L2 signers.
Rosen (2004) has shown that M2L2 signers often make multiple

substitutions, deletions, and phonological changes to the sublexical
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features in their production. Nonnative (L2) sign production is often
characterized with greater movement variability relative to native signers,
as indexed by lower spatiotemporal stability for sign movements (Hilger,
Loucks, Quinto-Pozos, & Dye, 2015). Mirus and colleagues (2001) have
argued that even when a nonnative signer produces all of the sublexical
features correctly they can still appear nonnative by native signers.
Nonnative signers may articulate signs using different articulating joints
relative to native signers (Mirus et al.,, 2001). For example, nonnative
signers might articulate the sign waARrR using the shoulders compared to
native signers who use the elbows. This alternation is grammatically
correct but inappropriate for many sign registers, which sets nonnative
signers apart from native signers (Mirus et al., 2001). With emerging
support for an L2 dialect, the salient features produced by M2L2 could be
reinforced through experience with their own productions and could result
in differences in perception across signers. That is, M2L2 learners of sign
language produce nonnative-like sign production and thus may modulate
the errors that are perceived by M2L2 learners. As such, we wanted to
examine how the native status of the interlocutor influence phonological
errors made by M2L2 learners during ASL sentential processing.

An ASL-to-English sentence translation task was constructed to
probe the distribution of phonological errors while viewing ASL sentences.
Many of the previously mentioned studies have, in one way or another,

forced learners to make phonological substitution errors during task
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performance. However, it is unclear whether learners make phonological
errors while processing ASL sentences. In the ASL-to-English translation
task learners are presented with a plausible or implausible sentence in
ASL. Learners made a plausibility judgment and subsequently translated
the ASL sentence into English. This task is most advantageous in probing
the distribution of naturalistic phonological errors because learners must
process an ASL sentence and recall that sentence in a manner that is not
impacted by L2 ASL production proficiency. Although this task does not
allow for comprehension to be directly probed, or for the locus of
phonological errors (i.e., perception/encoding, maintenance, or recall) to
be determined, the task does provide a unique way to probe naturalistic
phonological errors.

Given the translation task, the present study manipulated
phonological similarity in order to increase the number of phonological
errors. Previous studies in native sentence processing in English have
shown that sentences are encoded into short-term memory and are easily
recalled using surface representations (Potter & Lombardi, 1990). Potter
and Lombardi also showed that these surface representations are not
pristine and are susceptible to errors based on similarity in meaning.
Sentences can also be encoded with their phonological information,
especially when presented auditorily (Baddeley, 1992, Engelkamp &
Rummer, 1999). As such, phonological similarity in sentence processing

can increase the number of phonological errors made due to perceptual
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confusion during sentence recall. Poor phonological encoding and high
rates of phonological errors has been seen in ASL sentence recall as well.
Native signers are often unable to recognize phonological mismatches
(Hanson & Bellugi, 1982) and nonnative signers make many phonological
errors in sentence recall (Mayberry & Fischer, 1989).

Given that phonological similarity may increase the likelihood of
phonological errors and the translation task also requires M2L2 learners to
activate their L1 (English) during their processing of ASL sentences, we
were tangentially interested in the effect of L1 and L2 phonological
similarity. Previous studies have shown that both native bimodal bilinguals
and late nonnative signers activate both their spoken language (e.g.,
English) and their sign language (e.g., ASL) during language processing in
a number of tasks (Shook & Marian, 2012, Van Hell, Ormel, Van der Loop,
& Hermans, 2009; Willams & Newman, 2015). In fact, Willams &
Newman (2015) have demonstrated that not only are lexical items co-
activated in both languages, but also their phonological characteristics.
Therefore, co-activation of lexical items in English and their phonological
characteristics may influence sign processing. So, if M2L2 learners
activate English during L2 processing, especially when required during a
translation task, then phonological similarity in English should negatively
impact translation relative to control sentences (Baddeley, 1992).

By comparing English phonologically related sentences to neutral

control sentences, we can determine whether L1 phonological information
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intrudes in sentence translation and recall, regardless of the divergence in
phonological representations across spoken and sign languages. M2L2
learners may also show reduced errors to sentences that are
phonologically related in English relative to sentences that contain
phonologically related ASL signs since their native proficiency should be
better able to resolve English phonological similarity in working memory
(Ardila, 2003). Learners are expected to have decreased accuracy for
sentences containing ASL signs that share similar phonological features
(i.e., handshape, movement, location) because phonological relatedness
decreases overall sign recall for native signers (Wilson & Emmorey, 1997)
and may be more perceptually confusing and therefore impacts accurate
encoding. It is especially likely that learners will have significant deficits in
ASL-phonologically related sentences because learners have poor
phonological perception wherein they make greater phonological
substitutions and deletions (Maybery & Fischer, 1989; Rosen, 2004).
Therefore, by comparing ASL phonologically related sentences to neutral
control sentences, we are able to demonstrate that the phonological
representations are highly susceptible to errors. Furthermore, the
comparison of ASL and English phonologically related sentences to one
another provides insight into how language proficiency modulates these
effects. Given the low likelihood of phonological errors in naturalistic
sentence recall-translation, by requiring participants to process

phonologically related sentences the likelihood of phonological substitution
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error increases. Therefore, in the present study we test how phonological
substitutions are modulated by phonological relatedness in their L1 and
L2. However, the present study does not attempt to identify the locus of
the effects of phonological similarity --- whether the phonological similarity
(for either ASL or English) is due to perceptual confusion, encoding and

maintenance deficits, or errors in recall.

Research Questions

The current study investigates intelligibility effects of native versus
M2L2 signer status in the perception of ASL by M2L2 learners. The
primarily aim of the current study was to answer the following questions:

1. Given that previous studies have shown that there may be a
general hierarchy of difficulty in parameter identification in M2L2
learners using various techniques, do M2L2 learner’s phonological
errors in sentence processing replicate previous findings such that
there will be more movement errors than handshape errors with
very few location errors in a sentence translation task?

2. Given that greater production variability in the movement parameter
has been documented in M2L2 learners, are there more movement
errors for sentences signed by a M2L2 learner relative to those
signed by a native signer?

3. Given that proficiency often modulates intelligibility benefits from

other learners as well as reduces phonological errors in learners,
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are there reductions in specific phonological errors with increased
proficiency?
4. Given that the task requires co-activation of English and
phonological similarity often causes deficits in sentence recall, how
does phonological similarity in English or ASL influence sentence
perception and phonological error rates?
Method
Participants

Data were collected from 21 participants (5 male, 16 female). The
participants ranged from 18 to 23 years old (M = 20.90, SD = 1.22). There
were 19 right-handed participants. The participants were students
recruited from Intermediate | and Il (3" and 4" semesters, respectively)
American Sign Language (ASL) courses at Indiana University. All
participants were native English speakers with no history of neurological,
speech, language, or hearing disorders. Three participants reported
experience with Spanish and one with Viethamese; no other second
languages were reported. On average, the participants reported to have
been exposed to ASL for 3.37 years (range = 1 to 7). All participants gave
written informed consent approved by the Indiana University Institutional
Review Board.
ASL Proficiency

Participants rated their proficiency in ASL, English, and any other

languages studied on a scale from 1 to 7 (1 = “Almost None”, 2 = “Very
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Poor”, 3 = “Fair”, 4 = “Functional”, 5 = “Good”, 6 = “Very Good”, 7 = “Like
Native”). The participants’ ASL scores ranged from 3to 7 (M =4.71, SD =
0.98). All participants rated their English abilities as a 7. The three
participants that noted Spanish as another language reported scores of 2;
the student with experience with Vietnamese reported a 4.

ASL ability was also measured using a Fingerspelling Reproduction
Task (FRT) developed by the Visual Language and Visual Learning
Center at Gallaudet University (Morere, 2008). The FRT was used as a
measure of ASL ability because there are relatively few openly accessible
measures of ASL ability and the FRT has been shown to correlate highly
with ASL ability on an AX discrimination task (Williams & Newman, 2015).
Additionally, self-reported fingerspelling has been shown to be correlated
with ASL proficiency in native signers (Mayberry & Eichen, 1991).
Participants saw a series of seventy fingerspelled words and nonwords.
The fingerspelled strings ranged from 2 to 13 letters long and increased in
complexity and speed over the duration of the test. Participants were
instructed to reproduce the fingerspelled string. A highly proficient
nonnative signer coded the videos and counted only the videos with 100%
letter report accuracy as correct. The total number of words and
pseudowords correctly reproduced using fingerspelling was collected. The
scores ranged from 17 to 60 (M = 37.38, SD = 11.13) out of possible 70.

A composite ASL proficiency score (P) was calculated using the

guestionnaire data and the FRT scores. The average standard score as a
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proportion of self-rating and correct responses on the FRT were used to
determine the proficiency score:

(FRT) + (Self-Rating)
70 7

pP=

2

The proficiency scores range from 0 to 1. A composite of O indicates a
naive signer, 0.5 roughly indicates an intermediate learner, and a 1
roughly indicates a near-native signer. Composite proficiency scores
ranged from 0.36 to 0.85 (M = 0.562, SD = 0.129). The authors believe
this composite score is a representative measure of ASL ability because it
takes into account self-perceived ability and performance on a
standardized task using production. It should be noted, however, that the
ability to decode fingerspelling is different from the ability to decode lexical
signs; however, it is argued that these abilities are correlated (see
Mayberry & Eichen, 1991) and in the absence of other measures, this
measure may be sufficient. Self-ratings also have been shown to correlate
with measured proficiency in second languages (Maclintyre, Noels, and
Clement, 1997; Bachman and Palmer, 1989). Furthermore, the P score
correlated well with length of learning for the participants in the present
study (r = 0.663, p = 0.001). A positive correlation with length of learning
suggests that this score measures proficiency as a function of the amount
of input and learning. Moreover, in a previous study, the composite score
has been shown to accurately characterize proficiency using word

recognition and discriminability tests (Willams and Newman, 2015).
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Together these data suggest that this measure for ASL proficiency

adequately describes our learners.

Signers

A native signer (age = 21; male) produced all of the native
sentences. A hearing M2L2 learner of ASL (age = 23; male) signed the L2
sentences. His first language was English. His second language was
Spanish. His third language was ASL. He had formally taken four
semesters of ASL, but did not actively sign on a daily basis, and reported
as English-dominant. The nonnative signer's composite score (as

assessed by the aforementioned procedures) was 0.879.

Stimuli

There were 120 signed ASL sentences. The sentences were split
into three groups: ASL phonologically related (e.g., “I miss eating candy
sometimes”), English phonologically related (e.g., “The cat ate the rat”),
and neutral (e.g., “A skinny man is handsome”). The majority of the
content words (~75%) within an ASL phonologically related sentence
shared similar phonological parameters (i.e., randomly and equally
distributed across handshape, location, movement). For example, in the
sentence, ‘| miss eating candy sometimes”, the signs IXyo.1p ('), MISS,
CANDY, and SOMETIMES share the same handshape. Additionally, the signs

Miss and EAT (‘eating’) share the same location at the chin. The English
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phonologically related sentences followed the same criterion: an average
of 75% of the content words in the sentence must sound similar (i.e.,
randomly and equally distributed across onset, vowel, and coda overlap)
to each other if they were spoken. The neutral sentences (i.e., control
sentences) did not contain phonological overlap in either ASL or the
English translation. Half of the sentences in each group were plausible
(e.g., “The roommate wants to fix the machine”) and the other half were
implausible (e.g., “The fish ate the horse”) in order to require participants
to attend to the entire sentence (i.e., each lexical item) for meaning.
Participant’s responses were scored based on the number of
keywords correctly identified. Keywords were defined as open-class
content words in the English translation (e.g., cat, ate, rat from the English
translation of the ASL stimulus sentence “The cat ate the rat”). There were
a range of 3 — 7 keywords per sentence across all conditions (M = 5.025,
SD = 1.061) for a total of 577 keywords per subject. There were no
significant differences in number of keywords across conditions [F < 1].
Both the native and M2L2 signers signed all of the sentences. Both
of the signers were provided the stimulus list with the English sentence
and an ASL gloss. They were instructed to sign them as naturally as
possible. The M2L2 signer’s productions were monitored for correct lexical
items and overt phonological substitution errors; however, productions
were allowed to have natural phonetic variation. That is, the stimuli were

matched for the lexical items in the sentences to insure consistency
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across signers for keyword report, but were signed in a naturalistic way by
both signers. The video clips were cropped to one frame before the signer
lifted his hands to produce the first sign of the sentence and one frame
after his arms came to a rest at his side to indicate the post-sentence
production period. The average duration of the video clips was 4820
milliseconds (SE = 1134 ms). An analysis of variance (ANOVA) indicated
that the video lengths were not significantly different across the
phonologically relatedness conditions (Fp3s = 2.788, p > 0.05) or
plausibility (Fa,19) = 1.204, p > 0.05); however, they were different between
signers (F(1,39) = 88.620, p < 0.001, n® = 0.823), where the L2 sentences
(M = 5325, SE = 99) were longer than the native sentences (M = 4317, SE

= 74). There were no interactions across the factors, F<1.

Procedure

Participants were seated in front of a 27-inch iMac. Stimulus
presentation was controlled by PsychoPy (Pierce, 2007) software. A
fixation point was presented at the beginning of each trial for 500
milliseconds before the ASL sentence played. Once the ASL sentence
was presented, the participants were instructed to make a plausibility
judgment as quickly as possible by pressing the “1” key if the sentence
was implausible and the “0” key if it was plausible. The participants were
not able to make plausibility judgments until the end of the sentence,

which insured exposure to all of the keywords and motivated participants
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to pay attention. After the plausibility judgment, participants were
instructed to translate the sentence into English by typing their response
on a keyboard. They were explicitly instructed to not gloss the sentence,
but rather provide a translation. However, they were also instructed to
report any signs that they recognized if they did not understand the
sentence. Previous studies have required participants to transcribe what
they have heard in the target language (Xie & Fowler, 2013; Bent &
Bradlow, 2003). The ability to transcribe the stimuli in ASL is limited, as
there is no official orthographic system in ASL. Therefore, subjects were
asked to translate the sentences into English. Furthermore, signed
reproductions were also not a viable option given that the present study
aimed to capture the participants’ phonological errors in signed sentence
processing. Signed reproductions could have colored their processing
based on their own M2L2 production variability. Participants could take as
long as they needed to enter their translations. The sentences were
counterbalanced for each signer and across each participant so that no
participant saw both signers sign the same sentence. The dependent
measures included keyword report accuracy and phonological substitution
errors. The keyword report accuracy was calculated by taking the
percentage of correct content words reported. Keyword responses were
also analyzed for phonological substitution errors. For example, if the
target keyword was SUMMER, but the participant responded DRY, then the

keyword would be marked as a location phonological substitution error, as
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SUMMER and DRY share handshape and movement features, but differ by
location (see Figure 7). In other words, a response was labeled as a
phonological substitution error if the sign equivalent shared two of the
three parameters with the target sign (i.e., minimal pairs). Phonological
substitution errors were subsequently classified as handshape, location, or
movement errors based on which parameter the target sign and the
response differed. Additionally, all errors were counted insofar as any
given trial may contain more than one phonological substitution error. The
reader should be reminded that these phonological substitution errors
were derived by the English responses and not any sign productions.
Correlations between proficiency and phonological substitution errors
were calculated in order to measure the effect of proficiency on errors

made by M2L2 learners.
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SUMMER

SUMMER NAME

Figure 7 illustrates a minimal pair contrast (top; SUMMER VS. DRY) that
would constitute a phonological substitution error in the present study. The

minimal pair is contrasted with an unrelated lexical error (bottom).

Results
Keyword accuracy

A repeated measures 2 (Signer: native vs. L2) by 3 (Relatedness:
ASL vs. English vs. neutral) by 2 (Plausibility: plausible vs. implausible)
analysis of variance (ANOVA) was performed®. The main effect of signer

was not significant [F(1,20) = 1.287, p = 0.370, n* = 0.060]. The learners

® The data are normally distributed (Jarque-Bera test: p = 0.2124) and had
been transformed using arcsine and rau transformations in previous
analyses and the results were unchanged. Thus, it was decided to present
the data as raw proportions for clarity and simplicity.
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responded with similar keyword accuracy for the M2L2 signer (M = 39.1%,
SE = 3.3%) and the native signer (M = 37.9%, SE = 3.0%). There was a
main effect of relatedness [F(2,40) = 26.901, p < 0.001, n* = 0.574].
Planned ad-hoc t-tests showed that participants were less accurate with
ASL phonologically related sentences (34%) than English phonologically
related sentences [39%; t(20) = 4.859, p < 0.001] and control sentences
[42%; t(20) = 7.388, p < 0.001]. English phonologically related sentences
were also less accurate than control sentences [t(20) = 2.367, p < 0.05].
There was no effect of plausibility [F(1,20) = 1.139, p = 0.299, n* = 0.054].

No interactions were significant.

Phonological Error Analysis

There were a total of 190 phonological errors reported out of a total
4575 keywords. Therefore, participants made phonological substitution
errors in 4% of their responses. The remaining errors were due to other
types of response errors. A repeated-measures 2 (Signer: native vs. L2)
by 3 (Parameter: location vs. handshape vs. movement) by 3
(Relatedness: ASL vs. English vs. neutral) by 2 (Plausibility: plausible vs.
implausible) ANOVA was performed. The main effect of signer was not
significant [F<1] as the errors made for native (M = 46.3%, SE = 2%) and
L2 (M = 53.68%, SE = 2%) sentences were comparable. Main effects of
parameter [F(2,40) = 91.37, p < 0.0001, n*= 0.820], relatedness [F(2,40) =

8.452, p < 0.001, n*=0.297], and plausibility [F(2,40) = 5.088, p < 0.05, n?
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= 0.203] were significant. The main effect of parameter (see Figure 8)
revealed that participants made more movement errors (63.6%) than
handshape (31.6%) or location (4.8%) errors. The main effect of
relatedness revealed that the words that were phonologically related in
English contained the least number of errors (20.0%), whereas those that
were related in ASL (41.0%) and neutral (39.0%) sentence contained
relatively equal number of errors. When examining the effect of
plausibility, participants made more errors for plausible sentences (56.3%)

than implausible sentences (43.7%).
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Figure 8 illustrates the proportion of phonological errors (in percent) for
each phonological parameter and by signer status (native versus L2

signer).

Additionally interactions were present such that there was a signer
by parameter interaction [F(2,40) = 3.527, p < 0.05, n* = 0.150] and a
parameter by type interaction [F(2,80) = 6.691, p < 0.0001, n? = 0.251].
The signer by parameter interaction (see Figure 3) revealed that
sentences signed by the M2L2 learner yielded more movement errors
(36.3%) than sentences by a native signer (27.4%), but did not differ for
handshape (native: 17.4%; L2: 14.2%) or location (native: 1.7%; L2:
3.2%). The parameter by type interaction reveals similar percentage of
errors across the relatedness for the location parameter, but for
handshape and movement there was a general trend for more errors for
the control sentences, followed by the ASL-related sentences and then
English-related sentences.

There was a 3-way interaction with signer, parameter, and type
[F(a,80 = 4.005, p < 0.01, n* = 0.167]. The 3-way interaction revealed that
the participants made more movement errors for the L2 sentences that
contained ASL-phonologically related signs and control sentences, but few
of these errors were in L2 English-related sentences. No other interactions

were significant.
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In order to determine that these effects were simply caused by
semantic errors, a post-hoc semantic error analysis was performed on the
phonological errors. It was found that 30 out of the 190 phonological errors
were also semantic errors. Six sign pairs were able to explain 90% of
these semantic-phonological errors: DOCTOR-NURSE (23.38%), HORSE-
RABBIT (20.0%), QUEEN-KING (13.3%), BOOTS-SHOES (13.3%), YESTERDAY-
TOMORROW (10.0%), and APPLE-ONION (10.05). Somewhat surprising is that
the majority of these semantic errors were also handshape errors.
Nevertheless, if the phonological errors were re-analyzed omitting the
semantic errors, the parameter effect is preserved wherein there were
more movement errors (57.9%) than handshape errors (22.6%), which
were both more numerous than location errors (3.7%). The same
parameter by signer interaction was also preserved. Errors that were both
semantic and phonological in nature did not change the distribution of
phonological errors by parameter and can be said to not change the

overall effects of the study.

Correlation Analysis

Lower proficiency participants did not make fewer phonological
substitution errors than higher proficiency participants (R* = 0.120, r =
0.347, p = 0.124). Correlations between phonological substitution errors
and proficiency were analyzed to characterize the changes in phonological

errors for each sublexical feature as the L2 lexicon expands. With
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increasing evidence that perception of the location feature is easy for all
signers and handshape and movement are more difficult (see above
hierarchy), it was hypothesized that lower proficiency learners would have
greater phonological errors for handshape and movement than higher
proficiency learners, but proficiency would not modulate location errors.
The more proficient learners had significantly more handshape errors (R?
= 0.226, r = 0.475, p < 0.05) than lower proficiency learners; however
there was no correlation between proficiency, movement and location

errors. No other correlations were significant.

Discussion

The present study adds to the growing sign perception literature by
providing data concerning learners’ sign perception during ASL sentence
processing. Previous sign perception studies have gauged phonological
substitution errors by forcing the participants to choose between
sentences that contained phonologically related minimal pairs (Bochner et
al., 2011; Tartter & Fischer, 1982). In this study, however, the
phonological substitution errors in the perception of ASL were
spontaneous and uncontrolled. There were four main findings in the
present study. First, there was a general hierarchy of phonological
substitution errors where there were greater movement errors relative to
handshape or location. Second, there were greater movement errors in

sentences signed by the M2L2 signers. Third, participants made more
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handshape errors with increased proficiency, but movement and location
errors were not modulated by proficiency. Last, there was evidence of L1
activation with decreased errors for sentences that were underlyingly
phonologically related in English. Each of these will be discussed in turn.
The movement parameter has been documented to be difficult for
hearing M2L2 learners of sign language in both perception and production
(Bochner et al., 2011; Morford & Carson, 2011). In the present study, the
results indicated that approximately 4% of the keywords reported were
phonological substitutions in perception. The learners mostly made
movement errors (64%), followed by handshape (31%) and location (5%)
errors. The pattern of phonological errors in this study provides converging
evidence with previous studies that have found location to be easily
perceived (and produced) relative to other features (Bochner et al., 2011;
Ortega-Delgado, 2013; Marentette & Mayberry, 2000). Location has been
shown to be unaffected by phonological substitution (Corina, 2000). M2L2
learners often focus on the subtle sub-phonemic features of the
handshape parameter, which often leads to higher errors in a handshape
monitoring task relative to native signers (Morford & Carlson, 2011).
Movement is one of the more difficult sublexical features to perceive such
that the highest error rates in perception are seen for sentences that
contain signs contrasting in movement features (Bochner et al., 2011). As

such, the present study replicates and extends these findings.
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The most prevalent error type in the current study was omission
errors, which accounted for 67% of all errors. It is difficult to determine the
locus of these omission errors in the present study. A number of factors
could have contributed to high omission rates. First, proficiency is a likely
candidate insofar as these learners were not well practiced on sentence-
level processing. Given that the task was a difficult translation task
coupled with low proficiency sentence processing skills, these learners
were likely to have missed a number of keywords. While it was expected
that the majority of errors would be omission errors, the relative
distribution of phonological errors (4% of all errors) is quite significant and
provides important insight regarding the processing of ASL phonological
processing and contributes to our understanding about the processing
differences across the parameters.

It is also important to note that phonological substitution errors also
contained semantic errors. More interestingly, the semantic errors were
largely confined to minimal pairs that shared handshape. A potential
explanation for this finding is that it may be a byproduct of the organization
of the L2 learner lexicon, which may have a correlation between
handshape minimal pairs and semantically related signs; however, more
studies will need to be done in order to tease out this effect. Nonetheless,
the distribution of phonological substitution errors was preserved after
removing these semantic errors, which indicates that this distribution is

robust and not dependent on other factors like semantics.
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Interlanguage intelligibility benefit

Second language learners often have gains in intelligibility
compared to native speakers when listening to other nonnative talkers
(Bent & Bradlow, 2003; Xie & Fowler, 2013). That is, L2 learners have
equal or greater word recognition for words produced by nonnative
speakers than native speakers of a given target language. It was
hypothesized that this interlanguage intelligibility benefit may arise for
M2L2 learners of sign language when processing native and L2 sign
sentences. In the present study, however, there was no overarching
interlanguage intelligibility effect found. Bimodality divergence between
ASL and English phonological systems may account for the lack of an
interlanguage intelligibility benefit. For spoken languages, second
language speech production and perception are systematically linked to
the native language phonological system (e.g., Best & Tyler, 2007; Flege,
Schirru, & MacKay, 2003; Flege, 1995; Kuhl & Iverson, 1995; Strange,
1995). Nonnative listeners frequently find nonnative talkers more
intelligible than native talkers because they have a shared base of
phonetic and phonological knowledge about the L1 and L2 to draw upon
during word recognition tasks. The modality divergence between ASL and
English prevents the L1 from systematically affecting the L2 at the
phonological level, which manifests in the lack of an interlanguage benefit

for bimodal bilingual learners. In the context of the present study, a null
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effect is significant insofar as the concomitant bimodality divergence and
absent interlanguage benefit suggests the interlanguage (speech)
intelligibility benefit may only arise in languages within the same modality.
For example, ASL-British Sign Language (BSL) learners might show an
interlanguage benefit with other ASL learners of BSL due to the
overlapping native and nonnative phonetic and phonological systems. The
pattern of results suggests that the L1 and L2 must share the same
modality for an interlanguage intelligibility benefit to arise.

On the other hand, participants made qualitatively more
phonological substitution errors for sentences signed by a M2L2 learner
and significantly more movement errors for the sentences produced by the
M2L2 learner. This increase in movement errors in L2 perception of M2L2
production may be due to production variability by the M2L2 model, which
in turn created greater confusability for an already poor ASL learner. M2L2
learners produce nonnative cues when signing and with high variability
(Cull, 2014; Hilger et al., 2015; McDermid, 2014; Rosen, 2004). As such,
M2L2 productions are more highly variable than native signers, especially
in their use of the movement parameter. Additionally, M2L2 signers’
production of movement reliably differentiated them from native signers
(Cull, 2014). Taken together, it seems as though not only do M2L2
learners have more errors in their perception of movement (e.g., Bochner
et al., 2011), but also in their production of the movement parameter (e.qg.,

Cull, 2014; McDermid, 2014; Rosen, 2004). A signer effect for only the
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perception of the movement parameter is especially interesting given that
there were no other signer effects found in the present study. An absence
of signer effects in other conditions suggests that the movement
parameter itself is specifically vulnerable to signer status (at least for this
M2L2 sign model). All in all, the participants in the present study increased
movement errors for sentences produced by another M2L2 learner, which
suggests that such production variability also additively affects L2
perception of the movement parameter. Higher error rates in perception of
L2 signing does not support the predictions made by the interlanguage
speech intelligibility benefit either. High L2 errors coupled with a null effect
of signer in keyword accuracy would suggest that perhaps the ISIB is

largely restricted to two languages of the same modality.

Phonological Errors and Proficiency

A surprising result in the current study is that the more proficient
learners showed greater handshape errors than lower proficiency
learners. This result may be attributed to the fact that learners often focus
on the handshape phonetic feature, which causes nonnative learners to
make more errors (Grosvald et al., 2012; Morford & Carlson, 2011).
Another possible explanation is that higher proficiency learners have
larger vocabularies, which may account for the increase in handshape
errors. Larger vocabularies require restructuring of the lexicon to

accommodate newly learned lexical items. The lexicon is structured as a
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network with lexical neighborhoods of phonologically similar words (Luce
& Pisoni, 1998). Signs have been shown to cluster in dense
neighborhoods based on the handshape feature (Casellli & Cohen-
Goldberg, 2014; Carreiras, Guiterrez-Sigut, Baquero, & Corina, 2008).
Increased activation of phonological neighbors often results in more errors
in spoken language recognition tasks (Vitevitch, 2002; Vitevitch & Luce,
1998). Increased activation of handshape neighbors might also account
for increased phonological substitution errors. The spontaneous
phonological error patterns in the present study provide evidence for
shared activation of signs based on sublexical features in the L2 lexicon
(e.g., handshape competition) and for increased sublexical activation in
higher proficiency learners. Furthermore, persistent errors in movement
across proficiency levels suggest that the movement parameter is in fact
one of the later acquired parameters during M2L2 acquisition.

Given the one fundamental characteristic of nonnative signing is
large production variability, the observed results may happen to be a
consequence of the participants’ incomplete fluency. However, given that
some M2L2 learners can in fact produce sign language with native-like
stability (Hilger et al., 2015), it may be the case that learners can
overcome such a barrier to achieve target-like perception and production.
Despite this possibility, learners and native signers both have difficulty in
processing the movement parameter, which provides detailed insights into

the nature of sign language acquisition. Siedlecki & Bonvillian (1993)
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found that deaf children were less accurate in their production of
movement than other parameters and their production accuracy remained
stable throughout development. Additionally, studies have shown that
perception of movement is difficult for deaf adults as well as M2L2
learners (Bochner et al., 2011). Therefore, it may be argued that the
acquisition of the movement parameter may hinder the ultimate attainment
of greater sign language proficiency. However, this is only speculative at
the moment. Nevertheless, given this hypothesized perception-production
link, L2 ASL instruction may be able to target movement processing by

reducing the signer production variability.

Cross-modal language co-activation in sentence processing

In addition to the influence of signer status and phonological
parameter on sentence processing, we were interested in understanding
the role of the learners’ L1 (English) in the perception of ASL. Language-
specific phonological relatedness was manipulated to characterize the
interactions between the first and second languages in ASL sentence
processing. Additionally, the manipulation examined how interactions
between the two languages might affect the intelligibility of the native and
L2 signers. Participants were less accurate overall with the ASL
phonologically related sentences. Furthermore, the detrimental effects of
ASL relatedness did not diminish for the higher proficiency learners.

Therefore, visuo-phonetic confusability may create interference that
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proficiency (i.e., mastery of phonological features of ASL) cannot
overcome for those participants in this study. In fact, a previous study has
shown that ASL phonological relatedness can interfere with processing
even in native signers (Trieman & Hirsk-Pasek, 1983) as well as recall of a
list of signs (Wilson & Emmorey, 1997). Participants were more accurate
for sentences that were phonologically related in English relative to
sentences that were phonologically related in ASL. However, proficiency
also did not modulate the accuracy for English-related sentences in the
present study, which is likely due to comparable co-activation of the
dominant L1 that was required for sentence translation.

Not only did participants have reduced phonological errors in
sentences that underlyingly rhymed in English relative to sentences that
rhymed in ASL, but also learners were more accurate for English
phonologically related sentences than the control sentences. This is
somewhat surprising given that phonological similarity in any language
often produces a “phonological similarity decrement” in which there are
increased errors (Baddeley, 1992). However, facilitation of phonologically
similar items has been seen in a similar task as the one in the present
study (Copeland & Radvansky, 2001, Tehan et al., 2001). Copeland and
Radvansky (2001) used rhyming words in a complex span task and found
a facilitation effect of phonological similarity. Memory for rhyming words
may be greater than non-rhyming words, which may reflect individual

strategies of encoding only initial letters or reflect other cues during
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redintegration (Baddeley, Chincotta, Stafford, & Turk, 2003; Fallon,
Groves, & Tehan, 1999; Gathercole, Frankish, Pinkering, & Peaker, 1999;
Lobley, Baddeley, & Gathercole, 2005). Therefore, the facilitative role of
English rhyming on ASL processing may be reflective of these encoding
and redintegration memory processes that are established in the L1, but
have not yet emerged in the L2. Another possibility for this observation
could solely be perceptual. It is possible that the learners could predict the
next word in the sentence based on their phonological similarity (i.e., there
is only a limited set of possibilities if the words must rhyme) and a correct
prediction would facilitate accuracy. However, these hypotheses are only
speculative in nature at the present time. Nevertheless, it can be said that
co-activation of a spoken language influences, and perhaps facilitates,

sign language processing in late L2 learners of sign language.

Limitations

The present study was able to contribute a number of novel
findings in the field of M2L2 acquisition; however, there are a few
limitations. First, the translation task itself could impact the results. The
translation task required participants to have adequate lexical knowledge
to complete the task. If the learner had reduced lexical knowledge, then
they might only make errors based on the words in their limited lexicon.
However, these learners were selected from intermediate-to-advance level

courses so that the participants would have an adequate vocabulary and
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lexical knowledge. Moreover, the words included in the stimulus
sentences were also selected from their textbooks. Therefore, lexical
knowledge (or lack thereof) could not completely explain the effects in the
present study. It should also be noted that the poor accuracy performance
by these learners is most likely indicative of task difficulty. In the present
study, learners had to hold a long sentence, which was also perceptually
confusing (i.e., phonologically related), in memory and then translate that
sentence into English. The high memory load in addition to the
phonologically confusing sentences likely contributed to the poor
performance. Nevertheless, taxing memory constraints may have been
able to advantageously elicited phonological errors in M2L2 learners.
Another limitation may be that the translation task could have
introduced a strong influence from English on task performance. That is,
learners were required to translate ASL to English in order to report the
keywords. As such, a reliance on English may have enhanced the
facilitatory role of English on ASL sentence processing. Thus, any results
that demonstrate the facilitatory role of English in ASL processing needs
to be accepted cautiously; nevertheless, it is not unreasonable to suggest
such L1 transfer effects in M2L2 processing. Additionally, it is impossible
to determine the locus of the present effects. For instance, there are three
possible loci of the phonological errors: 1) a perceptual error due to the
learners incorrectly processing the visual input; 2) an encoding error due

to the learners to correctly parsing the visual input but incorrectly mapping
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it onto the wrong lexical item; and 3) a maintenance or recall error due to
the learners correctly encoding the lexical item, but failing to recall the
correct information. Nevertheless, we have been able to show that
phonological errors arise during sentential processing and the distribution
is consonant with previous perceptual studies.

Finally, another limitation of the current study is that there was only
one sign model for the native and nonnative groups. Limiting sign
utterances to one native and one M2L2 signer reduces confidence as to
whether any signer effects were simply due to individual variation in these
particular signers. Further studies will be needed to examine the effects of
signer variability on L2 sign perception.

In conclusion, the present study adds to the growing sign
perception literature by providing spontaneous and naturalistic
phonological errors during learners’ sign perception during sentence
processing in continuous signing. The results showed that there were
greater movement errors relative to handshape or location for both native
and L2 sentences, but there were more movement errors for L2 sentences
relative to those signed by a native signer. Taken together, this pattern of
results suggests that movement is one of the later acquired phonological
parameters for M2L2 learners and L2 production variability of the

movement parameter also impacts perception.
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Chapter 5: Movement Effects on Learning Il: Sonority

This chapter has been previously published, but the formatting has

been slightly modified for the purposes of this dissertation:

Williams, J.T., & Newman, S.D. (2016). Impacts of visual sonority and
handshape markedness on second language learning of American
Sign Language. Journal of Deaf Studies and Deaf Education, 21(2),

171-186. doi: 10.1093/deafed/env055
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Introduction

Learning a new language late in adulthood can be a difficult
experience. Learning novel sounds (Best & Tyler, 2007), word
segmentation (Field, 2003), and a myriad of other features (Birdsong,
1992) can create many roadblocks along a learner’'s acquisition path.
However, there are many characteristics of the first language that can
facilitate acquisition of a second language (Gass & Selinker, 1992). Many
of the phenomena that have been documented to either facilitate or hinder
second language acquisition are largely restricted to our knowledge of
how two spoken languages interact within a bilingual system. Learners
whose first and second languages are both spoken are referred to as
unimodal bilinguals. On the other hand, those learners whose first
language is spoken but are acquiring a sign language are referred to as
bimodal bilinguals. A distinction between the types of language modalities
that bilinguals use is important to our understanding of how knowledge of
one language can influence the acquisition of another. Most studies that
examine transfer effects investigate two spoken languages. One could
imagine how general knowledge of the universal structure of phonology
(e.g., sonority) could influence sign language acquisition, however,
regardless of the divergence between the two language modalities.

Evidence for amodal transfer between languages during L2
acquisition comes from studies that have demonstrated that learners of a

sign language use knowledge of their first language co-speech gesture
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system (Brentari, Nadolskey, & Woldford, 2012; Chen Pichler, 2009) as
well as other sources (Chen Pichler & Koulidobrova, to appear) to aid in
sign language acquisition. As such, it is likely the case that bimodal
bilinguals can use such knowledge to help attune to salient features in
their sign language. It has been hypothesized that there are modality-
independent phonological characteristics of language (Berent, Dupuis, &
Brentari, 2013). In fact, sonority, or the perceptual salience of a phonetic
feature, has been implicated as an amodal feature that is pervasive in
both spoken and sign languages. It is possible that sonority can also be
processed at the perceptual level regardless of L1 phonological
knowledge. As such, the present study aims to investigate the role of
visual salience on sign language learning in hearing adults.
Multidimensional perceptual salience, or the ability for a feature to
stand out in the input based on some dimension, has been shown to be
important during many cognitive processes, including language acquisition
(Goldschneider & Dekeyser, 2001; Yantis & Egeth, 1999).
Multidimensional salience in language can arise in what is termed sonority
(Ohala and Kawasaki, 1984). Sonority in spoken language has a phonetic
correlate of amplitude, or loudness, of a given speech sound. In other
words, sonority is often thought of as the relative degree of constriction of
the oral cavity (Chin, 1996). In fact, sonority can be ranked on a hierarchy
based on its relative amplitude (Hankamer & Aissen, 1974). In addition to

having phonetic correlates, sonority can also be important phonologically.
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For instance, sonority is important in the syllabification of languages
insofar as languages often arrange their sound sequences based on
constraints of sonority (see Sonority Sequencing Principle, Clements,
1990). As such, the syllable and its sonority have representational power
within the phonological system of any given language (Blevins, 1995). The
representational power of the syllable (i.e., sonority) in spoken language
can affect child language acquisition and unimodal second language
acquisition. Children are aware of sonority restrictions early in acquisition
(Berent, Harder, & Lennertz, 2011) and attune to speech as a function of
sonority (Yavas & Gogate, 1999). Children also produce sound clusters
with the greatest sonority rise earlier (Ohala, 1999) and show greater
generalizability of learning patterns based on sonority complexity (Gierut,
1999). Additionally, unimodal second language (L2) learners show
increased variability in L2 production as a function of sonority (Broselow &
Finer, 1991; Eckman & Iverson, 1993; Tropf, 1987). It is important to
investigate whether sonority impacts sign language learning given positive
evidence that sonority may impact spoken language processing and
learning; however, we must first explicate how sonority is defined in sign
languages.

Based on the fact that sonority is the conceptual representation of
perceptual salience in language, it is unsurprising that sign languages also
have a visual correlate (Brentari, 1998). Sign phonologists agree that

movement is the most sonorous element in a well-formed sign (Brentari,
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1998; Corina, 1996; Perlmutter, 1993; Sandler, 1993; Wilbur, 1993). Signs
have similar syllable structure as spoken words insofar as movement
accounts for the syllable nucleus, similar to vowels (Brentari, 1998, 2002;
Sandler, 1993). However, there is some debate as to how best to quantify
sonority. For instance, visual sonority can be derived from the proximity of
the articulating joint (e.g., shoulder, elbow, fingers, etc.; Brentari, 1998),
the type of movement during a sign’s production (Sandler, 1993), or by
other perceptual variation like movement size (Crasborn, 2001). On the
other hand, sonority has also been posited to be derived based on
phonotactics and movement deletion patterns, which are separable from
the aforementioned theories of movement-type sonority (Corina, 1996).
These accounts differ based on whether sonority is treated as phonetic or
phonological in nature, respectively. For instance, the sonority hierarchy
proposed in Sandler (1993) is purely phonetic given that not all contrasts
based on movement characteristics are phonologically motivated (see
Corina, 1996 for discussion). Although theories of sonority in sign
languages, like spoken language, are complex and still unresolved, the
present study adopts the stance that sonority can be phonetic in nature
and thus movement characteristics (e.g., articulating joint, path and hand-
internal movements, etc.) are important to the perceptual salience of the
sign (see Brentari, 1998; Sandler, 1993).

According to the particular theory adapted in this study, movements

distinguish the syllable complexity and are the most sonorous elements of
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the sign. Thus, sign languages can create sonority by the perceptual
visibility of the articulating joint (e.g., signs with shoulder movements are
more visible than those with interphalangeal movements; Brentari, 1998,
pg. 217). It could be assumed based on this account of sonority that
greater visibility, which implies greater sonority, could provide advantages
for some signs over others in terms of identification and subsequent
processing. Motion (or movement) has been shown to enhance visual
perception in other domains (e.g., Ambadar, Schooler, & Cohn, 2005). As
such, the same may apply to sign language learning. In fact, many studies
have shown that native deaf signers and second language learners of sign
language often acquire and identify movement features much later and
with more errors than the other phonological parameters (Bochner et al.,
2011). Moreover, deaf children often use less motorically complex
proximal articulators (i.e., shoulder; high sonority) than the complex adult-
target distal articulators (i.e., phalangeal joints; low sonority) during early
sign language acquisition (Meier, 2006, 2008). Studies have yet to
examine the role of sonority on movement identification or production in
adult learners. Due to the perceptibility of high sonority signs and the fact
that hearing second language learners have fully developed motor
systems, it is possible the high sonority signs may be acquired more
easily.

It should be noted that perceptual salience in sign language may

not be restricted to movement sonority. Based on a number of studies,
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there is evidence that learners may have difficulty in the perception of
other sublexical features (or parameters) based on their perceptual
salience and psycholinguistic properties (Bochner, Christie, Hauser, &
Searls, 2011; Emmorey, McCullough, & Brentari, 2003; Grosvald,
Lachaud, & Corina, 2012; Morford, Grieve-Smit, MacFarlane, Staley, &
Waters, 2008; Morford & Carlson, 2011). It might be the case that the
perceptibility of a given sign is a function of multiple features; that is, a
combination of a salient handshape and a salient movement (i.e., sonority)
might provide greater perceptibility.

Multiple cues can be advantageous in cognitive processing across
multiple domains. For instance, multiple auditory cues can aid in auditory
processing (Schroger & Widmann, 2003). Furthermore, when listeners are
shown visual information in conjunction with auditory information, there is
expedited processing both in behavioral performance and neural
processing (Du et al., 2011; van Wassenhove, Grant, & Poeppel, 2005).
Multiple cues in visual processing are also advantageous (Itti & Koch,
1999). Given that multiple cues aid in cognitive processing across
domains, it may be the case that beginner learners of sign language also
use multiple perceptual cues (e.g., sonority, handshape markedness)
during sign language learning. In order to develop a more nuanced
understanding of the interaction between perception and sign language
acquisition, it's important to begin moving away from a simplistic

conception of sign parameters as a linear hierarchy of features and to
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investigate whether it is in fact a dynamic system where multiple features
interact to contribute to overall saliency. As such, it is important to
examine the role of different types of salience.

Markedness may provide another source of salience. Unmarked
features are common features that occur relatively often, whereas marked
features are unusual and occur rarely; markedness can be thought of as
the relative frequency of a given feature (Jakobson, 1968). Handshape, or
the configuration of the selected fingers of a sign, can be delineated into a
group of marked and unmarked handshapes. Typically, unmarked
handshapes are limited to a small group of handshapes (B, A, S, C, O, 1,
and 5; Battison, 1997; Boyes-Braem, 1990, Grosvald et al., 2012;
Siedlecki & Bonvillian, 1997; see Appendix for depictions of handshapes).
Deaf children acquire unmarked handshapes earlier, which is thought to
be a result of motoric simplicity (Ann, 2006; Siedleck & Bonvillian, 1997).
This points to another account of markedness such that it is a result of
motoric complexity. Ann (2006) computed handshape markedness in
Taiwanese Sign Language based on ease of articulation as determined by
several anatomical criteria (e.g., muscle opposition in handshape
configuration, support for extension and flexion, tendency to oppose
thumb and tendency to spread), which roughly, but not exclusively,
correlated with many findings in the ASL literature (see Boyes-Braem,
1990). Additionally, given that markedness can be accounted for by either

frequency or motoric complexity, and that hearing nonsigners or naive
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learners are not attuned to the frequency characteristics of the language,
learners may process markedness based solely on motoric complexity.
However, handshape markedness may not be relegated to only motoric
complexity, but also visual complexity. In a phoneme-monitoring task, deaf
signers perceived marked handshapes better than unmarked handshapes;
however, hearing nonsigners perceived unmarked handshapes better
(Grosvald et al., 2012). This reversal is thought to be driven by perceptual
salience such that deaf signers attune to information that stand out in their
input (i.e., marked features), whereas hearing nonsigners attune to less
complex structures (i.e., unmarked features). Thus, it might be
hypothesized that signs that contain unmarked handshapes would be less
complex and be more easily acquired by hearing second language
learners. However, it is not clear whether the complexity that drives these
differences lies within the visual or motoric systems.

Taking these factors into consideration together with theories of
sonority, it was predicted that the acquisition of signs depends on multiple
saliency features. It was hypothesized that multiple features and their
visual saliency values influence sign language learning. Despite learners
perceiving unmarked handshapes better than marked, we predicted that
signs that contain marked handshapes and high sonority movements
increase perceptibility. This prediction is due to marked handshapes being
visually distinctive, especially when paired with high sonority movements.

Hence, greater perceptibility of the sign will have an additive effect on the

116



phonological specification during acquisition. It is possible, however, that
unmarked handshapes with high sonority movements are easier to
acquire. In that vein, the roles of motoric and visual complexity were
investigated by examining the subsequent production of these signs.
Since both sonority and handshape markedness can be derived from both
motoric and visual complexity, these differential effects of sonority and
handshape markedness may change when signers are required to
produce these signs. It is hypothesized that marked handshapes with high
sonority movements are more easily perceived due to the increase in
visual salience; it can be conversely hypothesized that signs with high
sonority (i.e., high visual salience) and marked handshapes (i.e., high
motoric complexity) are harder to produce overall, biasing production to be
faster for unmarked handshapes (see the influence of articulatory
complexity on speech sound and lexical acquisition in children: Cairns,
1996; Sander, 1972; Schwartz & Leonard, 1982). We hypothesized that
the benefits of certain salient features (i.e., sonority, handshape
markedness) play differential roles in perception and production during the
acquisition process.

To summarize, this study aimed to explore the role of visual
salience (i.e., sonority and markedness) on the perception and production
of ASL. We tested these hypotheses using a sign-picture matching
paradigm in Experiment 1 and tested a subsequent reproduction task

using a key-release measure in Experiment 2. A sign-picture matching

117



task was chosen because previous studies have used the method
effectively to investigate how certain linguistic aspects influence both child
language and adult second language learning (Escudero, Hayes-Harb, &
Mitterer, 2008; Showalter & Hayes-Harb, 2013; Storkel & Adlof, 2009;
Storkel & Lee, 2011). Given that we were interested in how sonority and
handshape markedness influence sign acquisition in adult learners this
task is quite useful because we are able to explicitly test learners’
accuracy in acquiring a sign across these conditions. Additionally, the sign
learning task provided a method to explicitly test how these features
influence recognition (or encoding). On the other hand, a sign
reproduction task was chosen to test whether sonority and markedness
would differentially affect production. A distinction between these two
processes provides insights into how salient phonological features
influence encoding and retrieval differentially and whether sonority and

markedness are more visually or motorically salient.

Experiment 1: Sign-Picture Matching Task

Methods

Participants. Twenty-five English-speaking participants (4 male) were
recruited from an introductory psychology course. All participants received
course credit for their participation. The university Internal Review Board
approved all procedures. The participants’ ages ranged from 18 to 21

years (M = 18.32; SD = 0.69). All participants scored as right-handed on
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the Edinburgh Handedness Inventory (Oldfield, 1971; M = 72.5; SD =
16.1). Eighteen participants reported at least one spoken second
language (Spanish = 12; Japanese = 2; Latin = 1; German = 1; Tamil = 1;
Hindi = 1), but no participants reported experience or exposure to any sign
language (including American Sign Language). Additionally, all
participants reported no speech, hearing, or neurological disorders.
Hearing nonsigners were selected for this study in order to simulate initial
stages of learning. This also allowed us to make conclusions based on the
perceptual processing of signs with no interaction with established lexical

items.

Unmarked Marked

High

Low

PUZZLED

Figure 9 displays a sample of the stimuli included in this experiment. Signs

with high sonority are on the top row (e.g., VOMIT, ASK) and those with low
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sonority on the bottom row (e.g., FINE, PUZZLED). As static 2D pictures it is
hard to intuitively derive the sonority; however, the high sonority signs are
characterized by path movements that span the neutral space (e.g., vomit:
mouth to neutral; ask: mouth to neutral). The low sonority signs have
either internal handshape movements (e.g., PUZZLED is stationary at the
forehead but the handshape changes from 1 to X) or local movements
(e.g., FINE: slight repeated taps to the chest). The stimuli are further
delineated by markedness across columns, with signs with unmarked
handshapes (e.g., B) to the left and marked handshapes (e.g., X) to the

right. Photo released with permission.

Materials. Sixteen to-be-learned ASL signs were selected. These sixteen
signs were split into high and low sonority groups (n = 8 each). Sonority
was rated using both the Brentari (1998) and Sandler (1989) models of
ASL sonority scales. Based on these models a general sonority hierarchy
was constructed for this study in which sonority was determined by a
combination of articulating joint (i.e., shoulder (5) > elbow > wrist > base >
nonbase (1)) and movement type (i.e., path movements with trilled internal
movements (5) > path movements with internal movements > local
internal movements > contacting movements > trilled stationary (1)). For
example, a sign that is articulated with the shoulder joint with a trilled path
movement would theoretically be the most sonorous and a sign that is

articulated with base and nonbase joints with a trilled stationary movement
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would be least sonorous. The group of high sonority signs included
COMMUNICATION, VOMIT, SHOW, SORRY, DECIDE, JOIN, ASK, and SYMPATHIZE.
The low sonority signs included COOKIE, FINE, HUH, AUDIOLOGY, HIGH-
SCHOOL, PUZZLED, and HATE (refer to Figure 9 for a sample of the stimuli).
There was a significant difference of sonority ranking between the low and
high sonority groups [t(7) = 4.710, p < 0.05; high = 4.25 (0.46), low = 2.38
(0.74)]. In order to capture other possible explanations of visual saliency,
signs in both low and high sonority groups were split into two subsequent
groups based on handshape markedness. Markedness was based on
several studies that have documented the acquisition of handshape by
children and adults (Ann, 2006; Boyes-Braem, 1990; Brentari, 1998;
Grosvald et al., 2012; Siedlecki & Bonvillian, 1997). Signs were classified
as unmarked if they contained the unmarked handshapes B, A, C, 1, and
as marked if they contained the marked handshapes F, H, X, or 8 (see
Appendix for depictions of handshapes). A native ASL signer signed the
stimuli at a slow but naturalistic rate in front of a blue-gray backdrop.
Video clips of the signs were edited to one frame before lift of the hands
and one frame after the drop of the hands. The durations of the signs did
not differ across sonority [high = 1663 (171) ms; low = 1538 (207) ms;
F<1], markedness [unmarked = 1600 (184) ms; marked = 1600 (143) ms;
F<1], or an interaction between the two [F<1]. All other aspects of sign

phonology (e.g., number of hands, location, etc.) were randomly varied.
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All of the signs were paired with a novel nonobject. Sixteen
imageable gray scale line drawings of nonobjects were pseudo-randomly
selected from Kroll and Potter (1984). Nonobjects were selected such that
there was no iconic mapping between the phonology of the sign and the
nonobject’s representation (see Figure 9 for examples of nonobjects).
Iconicity has been shown to influence sign acquisition and processing
such that native deaf signers and late L2 learners are often faster at
naming highly iconic signs (Ormel, Hermans, Knoors, & Verhoeven, 2009;
Thompson, Vinson, Vigliocco, 2009; Thompson, 2011), but the number of
arbitrary, noniconic signs that are acquired early in language acquisition
outnumber iconic signs (Orlansky & Bonvillian, 1984) and sign acquisition
often does not follow iconic principles (Emmorey, 2002; Meier, 1982).
Additionally, iconicity does not have a privileged role in lexical access
(Bosworth & Emmorey, 2010). Therefore, shielding against iconicity does
not invalidate the learning of these signs. Nonobjects were also selected
so that participants would be required to create a new semantic
representation as well as to shield against imagability between sign and
semantic representations. All subjects saw the same sign-nonobject pairs,
which is similar to the use of nonobjects in language learning that has
been demonstrated in a number of other successful child language
learning paradigms (Storkel & Adlof, 2009; Storkel & Lee, 2011) and L2
learning paradigms (Escudero, Hayes-Harb, & Mitterer, 2008; Showalter &

Hayes-Harb, 2013).
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Learning Phase

3 repetitions

500 ms

2600 ms
Test Phase

Figure 10. Study design.

Procedure. The procedure used was similar to previous studies examining
L2 phonological acquisition (see Showalter & Hayes-Harb, 2013, 2015).
Participants were seated at a 27-inch widescreen iMac computer. The
experiment was controlled by PsychoPy software (Peirce, 2007). There
were two phases: the learning phase and the final sign-picture matching
test. The participants were presented with a 500-millisecond fixation cross
before each trial. During the learning phase participants were exposed to
both ASL sign and nonobject representations. The ASL signs were
presented on the right side of the screen. To the left of the ASL sign
appeared the matching nonobject representation. Previous spoken L2
studies have simultaneously presented the word aurally and the semantic

representations visually in a cross-modal learning paradigm. Since all of
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the stimuli in the present study are visual, the ASL sign was presented for
the duration of the sign and the nonobject was presented for 1000
milliseconds longer than the sign (e.g., AsSK = 1600 ms, nonobject = 2600
ms; see Figure 10). This method of presentation was assumed to provide
the participants enough time to visually encode all of the information on
the screen. Participants were also instructed to look at the right side of the
screen (for ASL sign) first and then look to the left (for the nonobject).
Each of the sixteen signs was randomly presented once per block for 3
block repetitions.

The final sign-picture matching test consisted of all sixteen signs
randomly presented. Immediately after the presentation of the sign, a two
alternative force choice nonobject referent-matching paradigm was
presented to the participants. Two nonobjects appeared on the screen.
The correct nonobject was randomly assigned to either the left or the right.
Another nonobject (that was the correct answer for another sign
representation) was randomly presented in the other location. Participants
were instructed to select the nonobject that matched the sign they
previously had seen. If the correctly matching nonobject was on the left,
the participants were to press the ‘1’ key with their left index finger. If the
correctly matching nonobject was on the right, the participants were to
press the ‘0’ key with their right index finger. All selections were instructed
to be as fast as possible, while being as accurate as possible. Reaction

times were measured at the onset of the trial. Given that there was no
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significant difference in video lengths across all conditions, reaction times
should not be colored by video lengths. The test phase only presented
each sign once. None of the alternative nonobject choices (the foils) were
shown more than once as a foll.
Data Analysis

Data analysis was conducted using mixed-effects models (R
Statistics v.3.1.2; Bates et al., 2013) that included both fixed effects (i.e.,
sonority and markedness) and random effects (i.e., participants and
items). Mixed-effect modeling is now commonplace in psycholinguistic
literature in light of many arguments against traditional analysis of
variance. Specifically, mixed-effects models allow for the modeling of
random effects that are caused by participant and item variance.
Additionally, mixed-effects models can account for both continuous (e.g.,
reaction times) and binary outcomes (e.g., accuracy counts; see Baayen,
Davidson, & Bates, 2008 and Jaeger, 2008 for discussion). Each model
investigated the main effects of the fixed effects (i.e., sonority and
markedness) as well as their interaction at both the participant/group (F1)

and item (F2) levels by including these as random effects.

Results
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Figure 11 shows the reaction time (in milliseconds; left) and accuracy

(right) results for the sign-picture matching task split by sonority and
markedness. Error bars represent + 1 SE.

Table 5. Statistics for Experiment 1 Learning Note: F1 = group, F2 = item,
* = significant

Predictor Condition Mean SE F1|F2 pl]|p2

Sonority Markedness

Reaction Times

) ) 0.022 | 0.881
Sonority high 4131 81 0.003 0.995
low 4093 92

0.626 | 0.429
Markedness unmarked 4093 85 0.093 0764
marked 4131 90
Sonority X . 7.803 | 0.005
Markedness* high unmarked 4148 111 1.164 0.297
marked 4115 88
low unmarked 4037 92
marked 4148 109
Accuracy
. . 7.592 | 0.006
* [0)
Sonority high 89.0% 2.5 5 067 0.170
low 825% 25
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0.404 | 0.525

Markedness unmarked 86.5% 2.2 0110 0110
marked 85.0% 2.8

Varkednesss | Moh  unmarked  87.0% 26 yon | 000
marked 91.0% 3.3
low unmarked 86.0% 2.4
marked 79.0% 3.4

Reaction times measured from the onset of correct trials were
filtered for outliers that fell two standard deviations above or below the
mean (1.4%). Descriptive statistics can be found in Table 5. The linear
mixed-effects model revealed no significant main effects of either sonority
[F1(1,775) = 0.022, p = 0.881; F2(1,16) = 0.003, p = 0.995] or markedness
[F1(1,775) = 0.626, p = 0.429; F2(1,16) = 0.093, p = 0.764]. There was a
significant interaction observed between sonority and markedness at the
group level [F1(1,775) = 7.803, p = 0.005; F2(1,16) = 1.164, p = 0.297].

Accuracy results revealed a significant main effect of sonority at the
group level [F1(1,775) = 7.592, p = 0.006; F2(1,16) = 2.067, p = 0.170]
such that high sonority signs [89% (2.5)] were more accurately learned
than low sonority signs [82.5% (2.5)]. There was no main effect of
markedness [F1(1,775) = 0.404, p = 0.525; F2(1,16) = 0.110, p = 0.467]
such that both unmarked [86.5% (2.2)] and marked [85% (2.8)] signs were
learned equally well. There was an interaction of sonority and markedness
at the group level [F1(1,775) = 5.436, p = 0.020; F2(1,16) = 1.480, p =

0.241].
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Recall, this study aimed to investigate: 1) whether visual sonority
provides greater intelligibility for marked handshapes; and 2) whether
there are additive effects of sonority and markedness on learning such
that unmarked high sonority (i.e., high salience, low complexity) signs are
easier to acquire than marked low sonority signs (i.e., low salience, high
complexity). Planned t-tests were performed to investigate these
outstanding hypotheses and to further explore the interaction effects in
both RTs and accuracy. A comparison of low and high sonority signs that
both contained marked handshapes revealed a significant effect only for
accuracy [t(24) = 3.361, p < 0.01] such that high sonority signs [91.0%
(3.3)] were more easily learned than low sonority signs [79.0% (3.4)] when
they contained a marked handshape [trr < 1]; however, they did not differ
when they contained an unmarked handshape for either RTs or accuracy
[ts < 1]. A comparison of unmarked high sonority and marked low sonority
signs revealed a significant difference for both RT [t(24) = 2.144, p < 0.05]
and accuracy [t(24) = 2.486, p < 0.05] such that unmarked high sonority
signs [87.0% (2.6)] were learned more easily and responded to more
quickly [4036 ms (38)] than marked low sonority signs [accuracy: 79%
(3.0); RT: 4148 ms (54)]. However, this was not the case for high sonority
signs that differed in markedness only? [accuracy: t(24) = 1.138, p =

0.266; RT: t < 1].
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Figure 12. A confusion matrix was constructed to qualitatively characterize
the confusions between signs in the learning phase of Experiment 1. The
signs are ordered based on their sonority and markedness. The boxes are
colored based on how often a sign was identified as that sign, where
greater identification with a given sign was weighted by a darker color.
The values along the diagonal represent correct identification and other
values are misidentifications. Values are proportions (0 to 1) and can be
converted to percentages by multiplying by 100. It should be noted that
this confusion matrix should be read left to right, with the confusion
summing up to 1 (or 100%) across the columns in any given row. For
example, Ask was only categorized as either Ask (88%) or COOKIE (12%),
but not pPuzzLED (0%); however pPuzzLED was in fact misidentified as Ask

38% of the time.

Given that the planned comparisons showed a hierarchy of

confusability in accuracy (e.g., high+marked (91%) > high+unmarked
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(87%) = low+unmarked (86%) > low+marked (79%)), it was important to
delineate confusability more explicitly. A confusion matrix was computed
in order to capture qualitative insight into how signs were learned based
on their sonority and markedness. How often a given sign was classified
as another sign in the learning test phase was calculated. In Figure 12, the
signs are plotted and divided by their sonority and markedness. Along the
diagonal is how often a given sign was correctly identified as itself with the
proportion indicated in the box. Here we can qualitatively capture how
signs were confused based on their sonority and markedness by summing
the confusion value for each sign within a condition and dividing by the
number of confused signs. For sonority, results from the confusion matrix
revealed that low sonority signs were mistaken for other low sonority signs
(14.0%) less often than high sonority signs (18.0%) and high sonority
signs are mistaken for other high sonority signs (0%) less often than for
low sonority signs (11.0%). Taken together, this suggests that low sonority
signs were mistaken for any other sign 16% of the time, whereas high
sonority signs were mistaken for any other sign only 5.5% of the time. For
markedness, results indicated unmarked signs were mistaken for marked
signs (16.0%) more often than for other unmarked signs (12.0%). Marked
signs were mistaken for other marked signs (18.8%) more than for other
unmarked signs (8.6%). Collectively, this pattern of results indicated that
unmarked signs were mistaken for any other signs (14%) only slightly

more often than marked signs (13%). A conjunction of the two conditions
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indicated a similar hierarchy as mentioned above such that high sonority
signs with marked handshape were misidentified only 9.0% of the time
relative to high sonority signs with unmarked handshapes (13.0%), low
sonority signs with unmarked handshapes (14.0%), and low sonority signs
with marked handshapes (21.0%). Given that the confusion matrix
demonstrates the predicted inverse relationship to the accuracy data (i.e.,
the more accurate, the less confusion), then we can confidently say that
the same general hierarchical pattern is robust.

Participants attempted to learn novel ASL sign-nonobject mappings
in a repetition nonobject referent-mapping task in Experiment 1. It was our
aim to investigate the role of visual salience on the acquisition of novel
signs. It was hypothesized that high visual sonority would facilitate sign-
picture matching. Additionally, the visual salience of marked handshapes
was also expected to facilitate acquistion. Thus, it was predicted that to-
be-learned signs that contained low sonority movements and unmarked
handshapes would be harder to acquire due to their low perceptual
salience. The data presented indicated that there were no main effects in
reaction time across conditions; however, accuracy results revealed that
participants were more successful at matching high sonority signs with
their nonobject representations than low sonority signs. This pattern of
results may indicate that visual sonority is crucial during sign language
learning. It is likely that learners attuned to signs that contain high sonority

movements and were better able to encode their phonological features.
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Since previous studies have shown that the handshape parameter is often
more difficult to acquire for second language learners (Morford & Carlson,
2011) and handshape markedness differentially affects processing
(Grosvald et al., 2012), the question of whether the effects of markedness
are diminished (or highlighted) with greater visual sonority remained.

It was also found that signs were learned more easily when marked
handshapes were embedded in high sonority signs. This advantage was
not seen for unmarked handshapes, where signs containing unmarked
handshapes in high sonority signs (87%) were matched to those in low
sonority signs (86%). The salient feature of a marked handshape likely
drew attention to the handshape parameter. Attention directed to a
marked handshape was then highlighted by the high visual saliency of the
sign to provide distinct features to encode the sign representation (and its
phonetic parameters). This interaction between sonority and markedness
was further demonstrated by a second comparison of unmarked high
sonority and marked low sonority signs, which revealed that participants
matched unmarked high sonority signs with their nonobject better than
marked low sonority signs. Despite the additive facilitation by high sonority
when learning signs with marked handshape, this pattern of results
indicates detrimental effects of both low sonority and marked handshapes.
These results can be explained by the fact that learners are burdened by
marked handshapes in a low visually distinctive signal (i.e., low sonority);

whereas, learning is facilitated by high sonority and is not negated by
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marked handshapes. This supports previous research that shows that
learners have difficulty with handshape identification, discrimination, and
learning (Bochner et al., 2011; Morford & Carlson, 2011; Morford et al.,
2008), but do better with unmarked handshapes (Grosvald et al, 2012).
Thus, possibly the ideal combination of visual features that aids in learning
seems to arise when the handshape parameter is marked and the sign

movement is highlighted with high sonority.

Experiment 2: Sign Reproduction

The pattern of results from Experiment 1 showed that visual
sonority impacts sign language acquisition. While Experiment 1 addressed
perceptual learning there is still the question of whether visual sonority
impacts the production of familiar and novel signs in hearing nonsigners.
Here, a reproduction paradigm was used, which allowed for the tracking of
reaction times for sign language production. These reaction times provide
a psycholinguistic account of the role of sonority and handshape
markedness on the assembly of motor programs to initiate sign
production. Additionally, production accuracy can reveal the phonetic
specificity of the underlying sign representation. It was hypothesized that
low sonority signs and signs that contain marked handshapes will be
slower to produce and contain more errors due to their increased
complexity in motor programming. Additionally, since already-learned

signs are going to be tested, if the phonological representation of previous
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learned signs are underspecified due to their sonority or markedness (as
seen in Experiment 1 results), we would expect reproduction of low
sonority signs that contain a marked handshape to be more prone to error.
As such, it was predicted that motoric complexity as well as
underspecified representations during learning would produce slower and
more erroneous sign productions.

Methods

Participants. Twenty-three of the same participants from Experiment 1
participated in this experiment immediately following Experiment 1. Two
were omitted from the following analyses due to technical difficulties in
video recording responses.

Materials. Thirty-two signs were included in this experiment. Sixteen of the
familiar signs from Experiment 1 were included. Additionally 16 novel
signs were included. The additional novel signs were delineated by high
and low sonority and unmarked and marked constraints, similar to those in
Experiment 1. The novel signs and familiar signs were not systemically

different in any way.

134



Hold down the ;s;\

space bar to begin. sign now

v

RT +

Figure 13 illustrates the design of the reproduction study. Participants
were shown a sign video after holding down the space bar to begin. The
participants could lift their hand and sign any time, but must be within a 3-
second timeout after video offset. Reaction times were recorded relative to

the video offset.

Procedure. The procedure outlined here is a paradigm that records
reaction times in sign production. Older sign language production studies
have captured reaction times by laser beam triggering (Corina &
Hildebrandt, 2002) or motion capture (Lutpon & Zelanznik, 1990). In this
study we used PsychoPy (Peirce, 2007) in order to capture button
releases before sign production, which is similar to what more recent
production studies have implemented (see Emmorey, Petrich, & Gollan,
2012; Secora & Emmorey, 2015). At the beginning of every trial the
participants saw a prompt to place their dominant signing hand on the

space bar. Once the space bar was held down for one second the video
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would begin to play. After the video finished a prompt appeared and
participants were provided a 3000 millisecond period to make their
productions. The next trial did not begin until the participant pressed down
the space bar (see Figure 13 for design). Although a prompt was given
after the video played, participants were instructed that they could produce
the sign as soon as they knew how to produce it. In order to control for
participants who might lift their hands immediately and then delay their
sign production, participants were additionally instructed not to lift their
hands to sign without immediately producing the sign (i.e., “only lift your
hands when you are completely ready to sign; do not lift your hands if you
have to think about how to produce the sign”). Reaction times were
calculated at the offset of the sign video. Thus, negative reaction times
indicate production during the sign video and positive reaction times
indicate production initiated after the video had finished (during the sign
production period). In other words, negative reaction times are faster than
positive reaction times. All participants were video recorded to capture
sign productions for accuracy measures. Signs were given a binary
accuracy score by two judges, a native signer and a proficient L2 signer
(first author). A sign production was deemed accurate if the sign was
produced exactly as shown by the sign model (barring any fine phonetic
variation; e.g., greater finger flexion, location differences within a couple of
centimeters, etc.). This means that the participants were required to

produce the target signs with no handshape, movement, or location
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substitutions or distortions. If judgments differed, a 100% consensus on
accuracy scores was reached after discussion between the two judges.
Data analysis

A similar analysis was performed as in Experiment 1; however, an
additional fixed effect of familiarity was added to the model in order to
investigate how learners differ in their reproductions of familiar and novel

signs.

Results
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Figure 14 shows the mean reproduction times collapsed across familiar
and novel signs in milliseconds relative to stimulus offset. Thus, the more
negative the reaction time the faster the sign was produced (i.e., before

stimulus offset), whereas the more positive the reaction time the slower
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the sign was produced (i.e., post-stimulus offset). Error bars represent £ 1

SE.

Table 6. Statistics for Experiment 2 (Reproduction). Note: F1 = group, F2 =

item, * = significant

Predictor Condition Mean SE F1|F2 pl]|p2
Sonority Markedness
Reaction Times
. ) 6.984 | 0.008 |
Sonority* high 265 61 0847  0.364
low -233 60
0.019 | 0.890 |
Markedness unmarked 959 67 0.002 0.969
marked -239 65
Sonority . 1.312 | 0.251 |
Markedness high unmarked 95 56 0160  0.692
marked -232 68
low unmarked -220 61
marked -247 62
Accuracy
. ) 60.734 | < 0.001 |
0,
Sonority* high 81.3% 2.3 15.352 <0.001
low 56.5% 2.3
104.744 < 0.001 |
* 0
Markedness unmarked 85.1% 1.6 | 26.476 <0.001
marked 52.7% 3.2
Sonority . 0 6.327 | 0.011 |
Markedness*  Mdh unmarked  93.5% 19 5 T 212
marked 69.0% 4.3
low unmarked 76.8% 3.1
marked 36.3% 3.0

Reaction times were filtered for trials where the subject lifted the

hands but did not produce the sign immediately and for those that fell two

standard deviations above or below the mean (2.3%). Filtered reaction

times from only correct trials were analyzed using the linear mixed-effect

model. A significant main effect of sonority was found at the group level

[F1(1,713) = 6.984, p = 0.008; F2(1,32) = 0.847, p = 0.364] such that high
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sonority signs [-265 (61) ms] were produced more quickly than low
sonority signs [-233 (60) ms]. There was no main effect of markedness
[F1(1,713) = 0.019, p = 0.890; F2(1,32) = 0.002, p = 0.969] insofar as both
unmarked [-259 (67) ms] and marked [-239 (65) ms] signs were produced
equally as fast. However, there was a highly significant effect of familiarity
[F1(1,713) = 1407.624, p < 0.0001; F2(1,32) = 170.778, p < 0.0001],
where familiar signs [-688 (52) ms] were produced more quickly than
novel signs [+170 (69) ms]. There was no significant interaction between
sonority and markedness [F1(1,713) = 1.312, p = 0.251; F2(1,32) = 0.160,
p = 0.692]. There was a significant interaction between sonority and
familiarity [F1(1,713) = 5.221, p = 0.023; F2(1,32) = 0.633, p = 0.432].
There was no interaction between markedness and familiarity or a 3-way

interaction [Fs < 1].
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Figure 15 shows the mean reaction times (in milliseconds) for low and
high sonority signs grouped by whether or not they were familiar (in
Experiment 1) or novel. Reaction times are relative to the stimulus offset.

Error bars represent + 1 SE.

Planned t-tests were performed in order to tease apart the
interaction effects. In regards to the familiarity effect, it is important to
know if there was a high sonority advantage for only familiar signs
compared to novel signs. There was a significant effect of sonority for the
familiar signs [t(22) = 4.127, p < 0.001] such that high sonority signs [-709

(52) ms] were produced much faster than low sonority signs [-627 (54)

140



ms]. On the other hand, there was no sonority advantage in the
reproduction of novel signs [high = 179 (71) ms, low = 160 (67) ms; t < 1].
There was also a difference between familiar and unfamiliar signs for both
high [t(22) = 35.825, p < 0.0001] and low sonority [t(22) = 35.242, p <

0.0001], where familiar signs were produced faster than unfamiliar signs.

BMunmarked
MMarked

100

Mean Accuracy (%)

Low High
Sonority

Figure 16 shows the mean accuracy in production for signs collapsed

across familiarity, but separated between sonority and markedness.
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Accuracy rates were also analyzed using a mixed-effects model,
which revealed a main effect of sonority at both levels [F1(1,713) =
60.734, p < 0.001; F2(1,32) = 15.352, p < 0.001] such that high sonority
signs [81.3% (2.3)] were produced more accurately than low sonority
signs [56.5% (2.3)]. There was a main effect of markedness at both levels
[F1(1,713) = 104.744, p < 0.001; F2(1,32) = 26.476, p < 0.001] such that
unmarked [85.1% (1.6)] were more accurately reproduced than marked
[52.7% (3.2)] signs. There was no main effect of familiarity [F1(1,713) =
1.067, p = 0.302; F2(1,32) = 0.270, p = 0.607], where familiar signs
[67.3% (2.3)] were produced relatively as accurately as the novel signs
[70.5% (2.6)]. There was a significant interaction between sonority and
markedness at the group level [F1(1,713) = 6.327, p = 0.011; F2(1,32) =
1.625, p = 0.212] such that unmarked high sonority signs were
gualitatively reproduced the most accurately [93.5% (1.9)] with unmarked
low sonority signs [76.8% (3.1)], marked high sonority signs [69.0% (4.3)],
and marked low sonority signs [36.3% (3.0)] being less accurate. There
was a trending interaction of sonority and familiarity [F1(1,713) = 3.183, p
= 0.075; F2(1,32) = 0.804, p = 0.376], due to a larger difference for the
reproduction of high sonority signs compared to low sonority signs for
familiar relative to novel signs. There were no other significant interactions
[Fs < 1].

To further tease apart the interaction between sonority and

markedness, planned t-tests were performed. Results indicated that all
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interactions were significant. First, there was a difference between high
sonority and low sonority for unmarked handshapes [t(22) = 4.183, p <
0.001] such that high sonority signs (93.4%) were more accurate than low
sonority (76.8%) signs when they contained an unmarked handshape. The
same was true when they contained a marked handshape [high: 69.1%,
low: 36.3%; t(22) = 8.830, p < 0.001]. Second, high sonority signs that
contained unmarked handshapes (93.5%) were produced more accurately
than marked (69.1%) handshapes [t(22) = 5.125 p < 0.001]. The same
held true for low sonority signs [unmarked: 76.7%, marked: 36.3%; t(22) =
9.805, p < 0.001]

In Experiment 2 the roles of sonority and handshape markedness
on the reproduction of familiar and novel signs by hearing nonsigners
were investigated. It was hypothesized that both sonority and
markedness would influence the reproduction of the signs insofar as signs
that contained high sonority movements and unmarked handshapes would
be easier to produce due to their motoric complexity. By testing the
reproduction of familiar signs and the reproduction of novel signs, we were
able to test how language experience might influence the role of sonority.
Results revealed an effect such that high sonority signs were reproduced
faster than those with low sonority, especially when the signs were
familiar. This effect was heightened when the signs contained an
unmarked handshape. Markedness significantly affected production

accuracy. Interactions between handshape markedness and sonority
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suggest that these two interact in a coordinated way. Accuracy data
revealed that motoric complexity may also impact sign language
production such that marked and low sonority signs were less accurately
produced than unmarked and high sonority signs, respectively. In the
General Discussion, the implications of both results and how this is
important to second language acquisition and sign language processing

more generally are discussed.

Discussion

The goal of the current study was to investigate the role of sonority
and handshape markedness on the perception and reproduction of signs.
In Experiment 1 it was found that nonsigners were more accurate at
matching signs that contained high sonority movements to their nonobject
representations than those with low sonority movements. Additionally, the
increased accuracy due to sonority was differentially modulated by
handshape markedness. Another important finding is the role of sonority
and markedness on sign reproduction. It was found that learners tended to
produce signs with high sonority movements faster and more accurately
than those with low sonority movements. As seen previously, handshape
markedness affected reproduction. The results additionally showed that
sonority effects were only apparent for the reproduction of familiar signs.

Sonority, or the perceptual salience of a linguistic unit, has been

shown to influence spoken language acquisition and processing (Broselow
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& Finer, 1991; Eckman & Iverson, 1993; Gierut, 1999; Ohala, 1999; Tropf,
1987; Yavas & Gogate, 1999). The influence of sonority has also been
found to be cross-modal (Brentari et al., 2010). While there has been a
great deal of research investigating the impact of sonority on spoken
language, there are a number of outstanding questions regarding the
relationship between sonority and sign language learning and processing.
In the present study a phonetic account of sign language sonority was
adopted and the characteristic of the movement parameter was varied to
investigate its impact on acquisition and recall. It was hypothesized here
that greater visual salience (i.e., high sonority) would facilitate acquisition
by providing salient cues that would aid in sign-picture mapping in a
learning paradigm. Indeed, this was the case. Learners were better at
acquiring sign-nonobject mappings of novel signs that contained high
sonority movements compared to those that contained lower sonority
movements. Concomitant increased accuracy as a function of greater
sonority suggests that learners are attuned to the most salient features in
the input and exploit these features during learning.

Similarly, sonority demonstrated a facilitative role in the
reproduction of familiar signs. When learners were asked to produce signs
that they had just learned, learners showed faster reaction times in the
reproduction of familiar signs that contained high sonority movements
compared to those that contained low sonority movements. There are at

least two possible explanations. First, learners may have encoded the
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movement features better due to increased attention to salient cues. This
would provide for greater feature specificity and learning which would
facilitate subsequent sign production. A second possibility is that sonority
and motoric complexity are highly correlated such that signs with high
sonority movements are less motorically complex. Examining sonority
alone may not be able to disambiguate the impact of motor complexity and
sonority. However, handshape markedness may allow us to disentangle
visual and motoric complexity.

Sonority was not the only perceptual factor that influenced sign
acquisition. Handshape markedness provided additional visual and
motoric complexity, which interacted with sonority during sign acquisition.
The results presented show an interaction between sonority and
markedness with high sonority movements and unmarked handshapes
being easier to process than signs with low sonority movements and
marked handshapes. From Experiment 1 when sonority is low and the
handshape is marked there is greater confusion, which was largely
supported by an ad-hoc confusion matrix analysis. This perceptual
hierarchy is similar to Storkel's (2006) saliency ratio. Storkel found that
novel words were better acquired if the novel words contained sound
sequences that were not already in the child’s phonological repertoire,
because uncommon sounds are more salient than common sounds and
they facilitate child language acquisition. Storkel’s saliency ratio points to a

more general process for contrastive abstraction that the human learner
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uses to acquire various types of knowledge, such as language. In other
words, salient features, like uncommon sounds or sonority, are only
salient when they are compared to the distribution of other features. When
there are varying degrees of saliency, then the learner can pick out those
features that are most salient. This general process underlies statistical
word learning in children (Yu & Smith, 2007) and adult L2 learning (Laufer
& Girsai, 2008).

This saliency ratio can be reconceputalized in terms of movement
sonority and handshape markedness by including results from this study
as well as other studies (e.g., Grosvald et al., 2012). For sign learners,
when the full distribution of salient features is present (i.e., high vs. low
sonority; marked vs. unmarked handshapes), high sonority signs allow for
movement features® to pop out in the input since high sonority requires
more space to be used (e.g., path movements) and larger articulatory
gestures (e.g., signs articulated with the should joint) relative to low
sonority signs. Increased handshape markedness may additively
contribute to perception when contrasted with unmarked handshapes.
However, with decreased saliency, marked forms create greater
confusability for learners. It may be that this saliency ratio changes with

proficiency. Just as phonotactic probabilities highlight novelty and then

® Movement features are likely not the only features that are salient in high
sonority signs. For instance, path movements inherently require location changes.
Given the location is often very salient in L2 acquisition, it could be the case that
high sonority signs also allow location features to pop out. However, given the
design of the present study, we are unable to directly address this theoretical
point.
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allow for easier learning of uncommon sounds/lexical items during
language development, as a learner becomes more proficient the marked
handshapes may become more salient and easier to learn. This may
explain why hearing learners do better on unmarked handshapes whereas
deaf signers do better with marked handshapes (i.e., marked handshapes
pop out in the input for deaf signers, but are confusing at low levels of
sonority for hearing sign learners).

The interaction between handshape markedness and sonority was
also seen in the reproduction study. The reproduction results mirror the
findings in Experiment 1, showing an interaction between sonority and
handshape markedness. This suggests that visual characteristics not only
influence the perception of signs, but also their reproduction. Given no
difference in novel signs in their production as a function of sonority, we
can say that sonority is unlikely to be treated as motoric in nature; rather, it
is likely that sonority provides visual salience that allows for enhanced
encoding during learning, which aids in faster recall during production.
There was a notable difference insofar as sonority improved reproduction
for only signs with unmarked handshape, whereas marked handshapes in
high sonority signs improved learning. During perception, there is greater
reliance on markedness as a perceptual constraint, while it acts more like
a motoric constraint during production. Thus, it may be the case that the
visual salience helps with identification and perceptual encoding, but

motoric complexity is the important feature for production. Although the
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acquisition study alone cannot distinguish between visual and motoric
influences, it seems that the difference between the two is driven by the
fact that motoric complexity is higher for marked signs (Ann, 2006; Boyes-
Braem, 1990), which might decrease motor assembly and execution rates.
Therefore, we can posit that the visual salience of marked handshapes is
beneficial during learning, but handshape markedness is detrimental
during production. These findings support some previous findings that
show handshape markedness may pose challenges in adult L2 sign
production (Rosen, 2004).

The combined effects of sonority and handshape in the present
study, for both learning and reproduction, support a theory of additivity in
visual processing. Given that learners must attend to cues in order to
encode (and reproduce) signs, it may be advantageous to attend to
multiple cues that maximize encoding. Just as combined auditory and
visual information expedite processing (as well as many other examples of
multiple cues being advantageous to cognitive processing), both sonority
and handshape markedness directly (and additively) impact encoding. As
such, it is important for studies to start to move away from sign language
processing at the single parameter level, and begin also investigating how
phonetic salience and co-occurrences of cues may impact learning and
processing. This will allow our field to move toward a grander, unified

theory of sign language acquisition and processing.
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It is important to mention that there may be a possible confound in
the present study — a correlation between sonority and number of active
articulators (i.e., one-handed versus two-handed). Many of the high
sonority signs were also two-handed signs. As such, it may be the case
that seeing two hands as active articulators was the driving force behind
improved encoding. However, this does not necessarily impact the present
results insofar as increased visual salience due to two hands falls in line
with our theory of sign language processing. Additionally, sign language
theories have rather neglected the use of handedness in their respective
sonority hierarchies. As such, further theoretical investigation is necessary
to better specify these theories and de-correlate this interaction.

Additionally, there may be an alternative explanation for the present
results. Given that there are various factors that were uncontrolled in the
stimulus set (e.g., number of hands, body contact, etc.), learners might
have followed a strategy to minimize effort by noting the most important
distinguishing characteristics needed to succeed in learning, and not the
salient phonetic features that were being tested. However, this is highly
unlikely given that the learner would have to remember a large number of
different features that are unique to each sign, which would tax the
memory system and likely reduce overall accuracy and speed. Yet, overall
accuracy was pretty high. The confusion matrix also provides strong
evidence against this alternative explanation. If learners were able to

provide one contrastive feature (e.g., location), then when two signs
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shared that feature (e.g., HIGH-SCHOOL & FURNITURE) there would be a high
confusion rate. As we see, this is not the case. In fact, inspection of those
signs that were confused with one another revealed that often there were
various differences between them. The sign pairs that were most confused
did not have a common overlapping feature; instead each pair had a
different feature in common. For example, PuzzLeD and AsSK share
handshape (i.e., F), HIGH-scHOOL and JOIN share major location (i.e.,
neutral space), and COMMUNICATION and PUZzZLED share no common
feature. Furthermore, there is no confusion between two signs that share
location (COMMUNICATION and voMmIT) or handshape (AuDIOLOGY and
SORRY). As such, the confusion matrix seems to rule out any common
phonetic feature that learners were attuning to which could explain our
results. Nevertheless, more experimental investigations are needed in
order to advance our knowledge on the impact of salient features in sign
acquisition.

The results of the present study may also inform the overarching
theories of sign language phonology. Given the phonetic account of
sonority (based on articulating joint and movement characteristics;
Brentari, 1990; Sandler, 1993) it may be the case that naive learners
attune to movement features more specifically. In other words, naive
learners may be attuned to the phonetic correlates of sonority. Although
we cannot rule out the possibility that learners are also sensitive to

typological or allowable patterns, it seems to be the case that learners can
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still use phonetic (and not necessarily phonological) cues when learning,
especially given that they are unaware of the frequency distributions or
phonotactics of sign language (cf. Corina, 1993). Again, more research is
needed to further explore the cues used during the initial stages of
acquisition.

Not only do the results from the present study inform theories of
sign phonology, but also theories on lexical access in sign language.
Gating studies have demonstrated that access to phonetic-phonological
information occurs early within the sign, with lexical access occurring
before the entire sign in completed — often within the first 300
milliseconds (Emmorey & Corina, 1990; Morford & Carlson, 2011). In the
present study, familiar signs were produced before the end of the target
stimulus, while novel signs were produced after the target was finished.
This finding supports theories that sufficient phonological information is
stored within the first portion of the sign, which triggers recognition, but the
learner must wait until the entire sign is produced before reproduction
when there is no lexical representation to recall. Although this was a
tangential finding, we argue that this finding extends previous research on
lexical access in recognition to production.

Beyond theoretical insights, the present study may also have a
practical impact. The results from the present study lend themselves to
future research on second language acquisition and pedagogy. Previous

studies have shown that movement is harder to acquire than other

152



sublexical features (Bochner et al., 2012). However, this study has shown
that signs are accurately acquired (~91%) if they contain high sonority
movements. Thus, if high sonority signs can be taught first, learners may
be able to encode movement characteristics much more easily. The
encoding of movement features may help with the acquisition of certain
signs. Moreover, this may have positive effects downstream in terms of
production development. Along the same vein, late L2 learners master
handshape features much later (Bochner et al., 2012; Morford & Carlson,
2011). Therefore, if marked handshapes are paired with high sonority
movements, learners may acquire the phonetic characteristics earlier. The
findings prsented herein provide new ways to conceptualize the teaching
of lexical items based on phonological characteristics. Furthermore, this
study demonstrates the need to control for sonority and handshape

markedness in future sign language perception research.
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Chapter 6: Discussion: Modality Adaptation Hypothesis
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The aim of this dissertation was to provide some emerging
neurobiological and psycholinguistic evidence that advances a new
hypothesis that hearing adults lack efficient modality-specific
neurocognitive processing routines to support sign language processing
and acquisition. This dissertation drew upon already published data from
various areas to provide support for this hypothesis, including four
published works from our lab. In this section, support for the Modality
Adaptation Hypothesis (MAH) will be recapitulated and implications will be

explained.

Modality Adaptation Hypothesis

The MAH posits that hearing adults are hindered from rapidly and
efficiently acquiring sign language due to having spent a lifetime refining
and automatizing modality-specific aural-oral mechanisms in order to
process language with only auxiliary support from the visual-manual
modality. Hearing individuals’ neurocognitive system is highly attuned to
sequentially ordered acoustic information (Burton, Small, & Blumstein,
2000; Zatorre, Evens, Meyer, & Gjedde, 1992; Zatorre, Meyere, Gjedde, &
Evens, 1996), which is molded by experience with their first (spoken)
language. Sign languages are distinctly different from their input-output
signal when compared with speech. Particularly, sign languages are
dependent on robust and dynamic visuospatial dependencies at all levels

of linguistic analysis, from phonetics to discourse pragmatics, as primary
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linguistic units (Emmorey, 2001; Sandler & Lillo-Martin, 2006)’.
Consequently, sign language acquisition and processing depends on both
sequentially and simultaneously ordered linguistic information. This
divergence between language modalities and the unbalanced allocation of
neurocognitive resources produces a significant roadblock in sign
language acquisition. Namely, second language learners have difficulty
with acquiring the movement parameter, which is consequently important
for phonological and, especially, morpho-syntactic processing.

The first set of experiments from Chapters 2 and 3 provided
evidence of sign language induced neuroplasticity and neural biomarkers
of M2L2 success. Hearing adults showed relatively little differentiation in
the activation patterns between viewing ASL sign and a simple fixation
baseline when first exposed to sign language, despite performing a
phonological categorization task. However, with subsequent exposure to
sign language, the learners showed increased activation to bilateral
parietal and temporal-occipital cortex. Prior studies have implicated these
regions in sign language phonological processing, visuospatial

processing, and biological motion processing (e.g., see Emmorey, 2001

" The use of “primary” is important here. This discussion will largely ignore
the fact that speech is multimodal and often accompanied by co-speech
gesture. It is argued that these multimodal cues, including co-speech
gesture, are complementary, or to a certain extent redundant, to the
acoustic signal and are ultimately not necessary for spoken language
processing, even if they do ultimately aid in perception and production in
various scenarios. However, | will touch on co-speech gesture transfer in
M2L2 acquisition, which will support this idea for modality-specific
plasticity.
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for review). As such, it is posited that these learners were showing
extensive neuroplasticity in their modality-specific visual-manual
processing of sign language. Furthermore, a subsequent study revealed
that those learners who had poor lexicosemantic acquisition required
greater neural recruitment in these same regions (i.e., temporoparietal
junction, middle temporal gyrus), suggesting less efficient neural
mechanisms in movement-related processing when viewing sign

language.
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Figure 17 shows a preliminary Partial Least Squares analysis on the
longitudinal data from Chapters 2 and 3. The analysis examined whether
the functional connectivity changed as a function of greater sign language
experience and whether expression of given connectivity patterns could
predict sign language proficiency. The results showed that there was
neuroplasticity in the functional connectivity in the right temporoparietal

cortex. Additionally, this increased connectivity pattern was able to predict
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vocabulary acquisition insofar as those learners who had better functional
connectivity in right temporoparietal cortex also had proportionally larger

growth in vocabulary knowledge (r = 0.4, p = 0.04).

Other researchers have found similar results when examining the
neural correlates of sign language proficiency in the brain. It has been
suggested that the right temporoparietal cortex may act as a biomarker for
sign language proficiency. A. Newman and colleagues (2001) suggested
that only high proficiency signers, monolingual or bilingual, recruit the right
angular gyrus for sign language processing. In fact, pilot data from our lab
(see Figure 17) shows that there is a large amount of neuroplasticity in the
functional connectivity between the right temporoparietal cortex and the
rest of the brain. More importantly, the extent to which a learner
underwent similar neuroplasticity predicted their long-term vocabulary
outcomes. This preliminary finding suggests that right hemispheric
processing, especially in terms of visuospatial and motion processing,
likely contributes significantly to the proficiency of a signer. Cardin and
colleagues (2015) showed similar results to the study in Chapter 3 in that
inexperienced signers required bilateral temporoparietal activation
compared to native signers when making phonological judgments. In other
words, low proficiency learners show less functional connectivity in the
right temporoparietal cortex and recruit greater neural resources in this

area when viewing sign language compared to higher proficiency or native
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signers. This pattern of results suggests that the right temporoparietal
cortex may be a potential biomarker for sign language proficiency; more
importantly, however, it also suggests that visuospatial and motion
processing deficits are biomarkers of sign language proficiency, which
lends support to the MAH.

Not only have neurobiological findings supported the idea of
visuospatial and motion processing deficits in learners, but also behavioral
studies have shown a consistent and robust deficit in movement-related
processing. Bochner and colleagues (2011) was one of the first studies to
nicely delineate movement processing deficits in M2L2 learners using
psycholinguistic (and standardized) measures. Bochner et al. found that
M2L2 learners showed dramatic difficulty discriminating between signs
that differed in their movement specification compared to other contrasts
(e.g., handshape, location, and orientation). Additionally, Bochner et al.
found that morphosyntactic processing was also a deficit in these learners.
If you recall, morphosyntactic alternations in sign languages is almost
exclusively encoded by movement information (Sandler & Lillo-Martin,
2006). Bochner’s findings supported previous accounts of movement
deficits in both perception and production (e.g., Mirus, 2010; Rosen,
2012). Additionally, the findings from Chapter 4 showed perceptual
problems with movement processing in an ASL-to-English translation task.
M2L2 learners had even more difficulty in movement processing when

another M2L2 learner produced the stimuli compared to a native signer,
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which suggests that the M2L2 model likely produced altered movement
which directly impacted the interlocutors’ poor movement perception.
Together, psycholinguistic and neurobiological data suggest that
visuospatial and motion processing, which are key modality-specific
features of sign language, are difficult to acquire and learners require
drastic neuroplastic reorganization in order to accommodate for these
modality-specific features.

It may be the case that if a learner has experience with visuospatial
or motion processing that they may be better sign language learners. Two
previous studies have shown that learners capitalize on co-speech
gesture in order to acquire sign language (Brentari et al., 2012; Chen
Pichler, 2011). It might be the case that learners who are used to
attending to and producing gesture are better learners because their
neurocognitive mechanisms are robustly efficient and automatized. This
will be discussed more in the future work section (6.2), but this
observation does provide potential food for thought in terms of positive
evidence for the MAH. Furthermore, despite learners’ difficulty with
movement, learners can in fact leverage movement features in order to
aid in language acquisition. Data from Chapter 5 showed that M2L2
learners can rapidly acquire signs when movement features are salient
(i.e., sonority is maximal) and the only contrastive information in the
signal. Therefore, by highlighting the movement features, learners can

better encode their phonological specification for subsequent production. It
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may be the case that learners pick an incorrect learning strategy when
acquiring sign language in that they focus on hand configuration and palm
orientation. In fact, may previous studies have found an overreliance on
attention to handshape when first learning sign language (Emmorey et al.,
2009; Geer, 2016; Grosvald et al. 2012; Morford & Carlson, 2011).
Therefore, these processing deficits may be in part due to the extant
neurobiological structure and function of the learner, but also could be due
to incorrect learning strategies and a propensity for attending to hands and
not gross bracheomanual movement. Nevertheless, these data support
the MAH insofar as prior extensive experience with an auditory-oral
language biases these learners to either not attend to all of the pertinent
phonological information and/or have poor neurocognitive mechanisms for
dealing with robust dynamic visuospatial properties.

In conclusion, the vast differences in language modalities and their
optimal processing strategies (i.e., simultaneous vs. sequential) lead to
deficits in visuospatial and motion processing in late hearing adult learners
of sign language. The Modality Adaptation Hypothesis (MAH) was
developed in order to characterize these patterns and is supported by
emerging neurobiological and psycholinguistic data, which was presented
herein. Evidence suggests that perhaps there are potential neural
biomarkers for sign language proficiency, but also behavioral evidence
that these deficits could be remediated with appropriate intervention. The

MAH has important implications to our theories of neuroplasticity,
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language learning, modality differences, and second language pedagogy.
Future work is needed in order to validate the MAH and to create possible

interventions to reduce such deficits.

Implications and Future Work

As previously mentioned, the Modality Adaptation Hypothesis
(MAH) has both theoretical and practical implications. On a theoretical
note, the MAH supports the idea that learning second languages alters the
neurocognitive system in meaningful and dramatic ways (e.g., Li et al.,
2014). Never reported before, | can posit that learning a language in a
new modality might drastically alter the neurocognitive system to a greater
extent than within-modality acquisition — similar to what is seen with cross-
modal plasticity in blind or deaf individuals (e.g., Bavelier & Neville, 2002;
Cohen et al., 1997). On a practical note, it is important to discover ways,
both in terms of pedagogy but also neuro-hacking, to reduce modality-
specific roadblocks and expedite neuroplasticity.

Future work is needed to replicate, validate, and refine the MAH in
order to provide a clear theoretical framework for sign language
acquisition and neuroplasticity. Additionally, it might be important to
understand whether these deficits really generalize to all motion
processing (e.g., actions) or whether semantic movements that are
linguistically relevant are only affected. In order to contribute to the MAH

possible predictors for sign language outcomes might be needed. For
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example, is it the case that more frequent gesturers are better sign
language learners due to positive transfer from their L1 co-speech gesture
system to their L2 sign system? Lastly, it is crucial that we find potential
interventions to aid in the reducing the nefarious effects that are implied by
the MAH. For example, perhaps neuro-hacking (e.g., transcranial
magnetic stimulation or transcranial direct current stimulation) could be
included in sign language programs. Other possibilities could include
developing explicit training in movement identification using course
materials that are organized by their movement saliency. Any of these
interventions would not only improve sign language outcomes and fluency,
but would also contribute to theoretical endeavors. It is important to not
forget the practical implications, because at the end of the day, many of
these sign language learners will become professionals in Deaf-centered
communities (e.g., interpreters, teachers for the Deaf), which directly
impact those Deaf individuals. In sum, the MAH makes testable
predictions that can be validated in future empirical studies that have

robust impacts on theory and society.

163



References

164



Abutalebi, J. (2008). Neural aspects of second language representation
and language control. Acta Psychologica, 128(3), 466-478.

Abutalebi, J., & Green, D. (2007). Bilingual language production: The
neurocognition of language representation and control. Journal of
Neurolinguistics, 20(3), 242-275.

Abutalebi, J., Annoni, J. M., Zimine, I., Pegna, A. J., Seghier, M. L., Lee-
Jahnke, H., Lazeryas, F., Cappa, S.F., & Khateb, A. (2008).
Language control and lexical competition in bilinguals: an event-
related fMRI study. Cerebral Cortex, 18(7), 1496-1505.

Abutalebi, J., Della Rosa, P. A., Gonzaga, A. K. C., Keim, R., Costa, A., &
Perani, D. (2013). The role of the left putamen in multilingual
language production. Brain and Language, 125(3), 307-315.

Allen, J. S., Emmorey, K., Bruss, J., & Damasio, H. (2008). Morphology of
the insula in relation to hearing status and sign language
experience. The Journal of Neuroscience, 28(46), 11900-11905.

Allman, J. M., Hakeem, A., Erwin, J. M., Nimchinsky, E., & Hof, P. (2001).
The anterior cingulate cortex. Annals of the New York Academy of
Sciences, 935(1), 107-117.

Altieri, N., & Hudock, D. (2014). Assessing variability in audiovisual
speech integration skills using capacity and accuracy measures.
International Journal of Audiology, 53(10), 710-718.

Altieri, N., Pisoni, D. B., & Townsend, J. T. (2011). Some behavioral and

neurobiological constraints on theories of audiovisual speech

165



integration: a review and suggestions for new directions. Seeing
and Perceiving, 24(6), 513-539.

Ambadar, Z., Schooler, J. W., & Cohn, J. F. (2005). Deciphering the
enigmatic face the importance of facial dynamics in interpreting
subtle facial expressions. Psychological Science, 16(5), 403-410.
doi:10.1111/j.0956-7976.2005.01548.x

Anderson, M. C., Bjork, R. A., & Bjork, E. L. (1994). Remembering can
cause forgetting: Retrieval dynamics in long-term memory. Journal
of Experimental Psychology: Learning, Memory, and Cognition, 20,
1063-1087. doi:10.1037/0278-7393.20.5.1063

Ann, J. (2006). Frequency of Occurrence and Ease of Articulation of Sign
Language Handshapes. Washington, D.C.: Gallaudet University
Press.

Ardila, A. (2003). Language representation and working memory with
bilinguals. Journal of Communication Disorders, 36(3), 233-240.

Ardila, A., Benson, D. F., & Flynn, F. G. (1997). Participation of the insula
in language. Aphasiology, 11(12), 1159-1169.

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects
modeling with crossed random effects for subjects and items.
Journal of Memory and Language, 59(4), 390-412.

doi:10.1016/j.jml.2007.12.005

166



Bachman, L. F., & Palmer, A. S. (1989). The construct validation of self-
ratings of communicative language ability. Language Testing, 6(1),
14-209.

Baddeley, A. (1992). Working memory. Science, 255(5044), 556-559.

Baddeley, A. D., & Hitch, G. (1974). Working memory. Psychology of
Learning and Motivation, 8, 47-89.

Baddeley, A. D., Chincotta, D., Stafford, L., Turk, D. (2003). Is the word
length effect in STM entirely attributable to output delay? Evidence
from serial recognition. Quarterly Journal of Experimental
Psychology, 55A, 353—-369.

Baker, A., van den Bogaerde, B., Pfau, R., & Schermer, T. (Eds.). (2016).
The Linguistics of Sign Languages: An introduction. Amsterdam:
John Benjamins Publishing Company.

Bartolotti, J., & Marian, V. (2012). Language learning and control in
monolinguals and bilinguals. Cognitive Science, 36(6), 1129-1147.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2013). Ime4: Linear
mixed-effects models using Eigen and S4. R package version, 1(4).
doi:10.18637/jss.v067.i101

Battison, R. (1978). Lexical Borrowing in American Sign Language. Silver
Spring, MD: Linstok Press.

Bavelier, D., Corina, D., Jezzard, P., Clark, V., Karni, A., Lalwani, A.,

Rauschecker, J.P., Braun, A., Turner, R., & Neville, H. J. (1998).

167



Hemispheric specialization for English and ASL.: left invariance-right
variability. Neuroreport, 9(7), 1537-1542.

Bavelier, D., & Neville, H. J. (2002). Cross-modal plasticity: where and
how?. Nature Reviews Neuroscience, 3(6), 443-452.

Bent, T., & Bradlow, A. R. (2003). The interlanguage speech intelligibility
benefit. The Journal of the Acoustical Society of America, 114(3),
1600-1610.

Bent, T., Bradlow, A. R., and Smith, B.L. (2008). Production and
perception of temporal patterns in native and non-native speech.
Phonetica. 65(3), 131-147.

Berent, 1. (2013). The phonological mind. Trends in Cognitive Sciences,
17(7), 319-327. doi:10.1016/j.tics.2013.05.004

Berent, I., Dupuis, A., & Brentari, D. (2013). Amodal aspects of linguistic
design. PloS One, 8(4), e60617. doi:10.1371/journal.pone.0060617

Berent, |., Harder, K., & Lennertz, T. (2011). Phonological universals in
early childhood: Evidence from sonority restrictions. Language
Acquisition, 18(4), 281-293. doi:10.1080/10489223.2011.580676

Best, C. T., & Tyler, M. D. (2007). Nonnative and second-language
speech perception: commonalities and complementarities. In O.S.
Bohn & M.J. Munro (Eds.), Language Experience in Second
Language Speech Learning: In Honor of James Emil Flege (pp. 13-

34). Philadelphia, PA: John Benjamins Publishing.

168



Bickford, J. A., & Fraychineaud, K. (2006). Mouth morphemes in ASL: A
closer look. In Sign Languages: spinning and unraveling the past,
present and future. Papers from the Ninth Theoretical Issues in
Sign Language Research Conference, Florianopolis, Brazil.

Birdsong, D. (1992). Ultimate attainment in second language acquisition.
Language, 706-755. doi:10.1353/1an.1992.0035

Blasi, V., Young, A. C., Tansy, A. P., Petersen, S. E., Snyder, A. Z., &
Corbetta, M. (2002). Word retrieval learning modulates right frontal
cortex in patients with left frontal damage. Neuron, 36(1), 159-170.

Blevins, J., (1995). The syllable in phonological theory. In J. A. Goldsmith
(Ed.), The Handbook of Phonological Theory (pp. 206-244).
Cambridge, MA: Blackwell.

Bochner, J. H., Christie, K., Hauser, P. C., & Searls, J. M. (2011). When is
a difference really different? Learners’ discrimination of linguistic
contrasts in American Sign Language. Language Learning, 61(4),
1302-1327. d0i:10.1111/j.1467-9922.2011.00671.x

Booth, J. R., Wood, L., Lu, D., Houk, J. C., & Bitan, T. (2007). The role of
the basal ganglia and cerebellum in language processing. Brain
research, 1133, 136-144.

Bosworth, R. G., & Emmorey, K. (2010). Effects of iconicity and semantic
relatedness on lexical access in American Sign Language. Journal
of Experimental Psychology: Learning, Memory, and Cognition,

36(6), 1573. doi:10.1037/a0020934

169



Boyes-Braem, P. B. (1990). Acquisition of the handshape in American
Sign Language: A preliminary analysis. In From gesture to
language in hearing and deaf children (pp. 107-127). Springer
Berlin Heidelberg. doi:10.1007/978-3-642-74859-2_10

Brentari, D. (1993). Establishing a sonority hierarchy in American Sign
Language: The use of simultaneous structure in phonology.
Phonology, 10(2), 281-306. doi:10.1017/S0952675700000063

Brentari, D. (1998). A prosodic model of sign language phonology.
Cambridge: MIT Press.

Brentari, D. (2002). Modality differences in sign language phonology and
morphophonemics. Modality and Structure in Signed and Spoken
Languages, 35-64. Cambridge, UK: Cambridge University Press.

Brentari, D., Nadolske, M. A., & Wolford, G. (2012). Can experience with
co-speech gesture influence the prosody of a sign language? Sign
language prosodic cues in bimodal bilinguals. Bilingualism:
Language and Cognition, 15(02), 402-412.
doi:10.1017/S1366728911000587

Brett, M., Anton, J. L., Valabregue, R., & Poline, J. B. (2002). Region of
interest analysis using the MarsBar toolbox for SPM 99.
Neuroimage, 16(2), S497.

Broselow, E., & Finer, D. (1991). Parameter setting in second language
phonology and syntax. Second Language Research, 7(1), 35-59.

doi:10.1177/026765839100700102

170



Bundgaard-Nielsen, R.L., Best, C.T., & Tyler, M.D. (2011a). Vocabulary
size matters: The assimilation of second-language Australian
English vowels to first-language Japanese vowel categories.
Applied Psycholinguistics, 32, 51-67.

Bundgaard-Nielsen, R.L., Best, C.T., Kroos, C., & Tyler, M.D. (2012).
Second language learners’ vocabulary expansion is associated with
| proved second language vowel intelligibility. Applied
Psycholinguistics, 33(3), 643-664.

Burgess, P. W., Gilbert, S. J., & Dumontheil, 1. (2007). Function and
localization within rostral prefrontal cortex (area 10). Philosophical
Transactions of the Royal Society B: Biological Sciences,
362(1481), 887-899.

Burton, M., Small, S., & Blumstein, S. (2000). The role of segmentation in
phonological processing: an fMRI investigation. Journal of
Cognitive Neuroscience, 12(4), 679-690.

Cairns, Helen Smith. 1996. The acquisition of language. (2nd ed.) Austin,
TX: Pro-ed.

Campbell, R. (2008). The processing of audio-visual speech: empirical
and neural bases. Philosophical Transactions of the Royal Society
of London B: Biological Sciences, 363(1493), 1001-1010. DOI:
10.1098/rsth.2007.2155

Campbell, R., MacSweeney, M., Surguladze, S., Calvert, G.A, McGuire,

P.K, Brammer, M.J, David, A.S, Suckling, J. (2001). Cortical

171



substrates for the perception of face actions: an fMRI study of the
specificity of activation for seen speech and for meaningless lower-
face acts (gurning). Cognitive Brain Research. 12, 233-243.

Carreiras, M., Gutiérrez-Sigut, E., Baquero, S., & Corina, D. (2008).
Lexical processing in Spanish sign language (LSE). Journal of
Memory and Language, 58(1), 100-122.

Caselli, N. K., & Cohen-Goldberg, A. M. (2014). Lexical access in sign
language: A computational model. Frontiers in Psychology, 5, 1-11.

Caselli, N., Sehyr Sevcikova, Z., Cohen-Goldberg, A., Emmorey, K.
(2016). ASL-Lex: A Lexical Database for American Sign Language.
Behavioral Research Methods, 1-18.

Chen Pichler, D. (2009) Sign production in first-time hearing signers: A
closer look at handshape accuracy. Cadernos de Saude, NUumero
especial, Linguas gestuais. 2, 37-50.

Chen Pichler, D. & Koulidobrova, E. (to appear) Acquisition of sign
language as a second language. In M. Marschark & P. Spencer
(Eds.) The Oxford Handbook of Deaf Studies in Language:
Research, Policy, and Practice. Cambridge, UK: Oxford University
Press.

Chin, S. B. (1996). The role of the sonority hierarchy in delayed
phonological systems. In T.W. Powell (Ed.) Pathologies of speech

and language: Contributions of clinical phonetics and linguistics

172



(pp- 109-117). New Orleans, LA: International Clinical Phonetics
and Linguistics Association.

Clements, G. N. (1990). The role of the sonority cycle in core
syllabification. In J. Kingston & M.E. Beckman (Eds.) Papers in
Laboratory Phonology I: Between the Grammar and Physics of
Speech (pp. 283-333). Cambridge, UK: Cambridge University
Press.

Clerget, E., Winderickx, A., Fadiga, L., & Olivier, E. (2009). Role of Broca's
area in encoding sequential human actions: a virtual lesion study.
Neuroreport, 20(16), 1496-1499.

Cohen, J. D., Botvinick, M., & Carter, C. S. (2000). Anterior cingulate and
prefrontal cortex: who's in control?. Nature Neuroscience, 3, 421-
423.

Cohen, L. G., Celnik, P., Pascual-Leone, A., Corwell, B., Faiz, L.,
Dambrosia, J., ... & Hallett, M. (1997). Functional relevance of
cross-modal plasticity in blind humans. Nature, 389(6647), 180-
183.

Copeland, D. E., & Radvansky, G. A. (2001). Phonological similarity in
working memory. Memory & Cognition, 29(5), 774-776.

Corbetta, M., & Shulman, G.L. (2002). Control of goal-directed and
stimulus-driven  attention in the brain. Nature Reviews

Neuroscience, 3(3), 201-2015.

173



Corina, D. P. (1996). ASL syllables and prosodic constraints. Lingua,
98(1), 73-102. doi:10.1016/0024-3841(95)00033-X

Corina, D. P. (1999). Neural disorders of language and movement:
Evidence from American Sign Language. Gesture, Speech, and
Sign, 27-44.

Corina, D. P. (2000). Some observations regarding paraphasia in
American Sign Language. The signs of language revisited: An
anthology to honor Ursula Bellugi and Edward Klima, 493-507.

Corina, D. P., & Hildebrandt, U. C. (2002). Psycholinguistic investigations
of phonological structure in ASL. In R.P. Meier, K. Cormier, & D.
Quinto-Pozos (Eds.) Modality And Structure in Signed and Spoken
Languages (pp. 88-111). Cambridge, UK: Cambridge University
Press.

Corina, D. P., & Knapp, H. (2006). Sign language processing and the
mirror neuron system. Cortex, 42(4), 529-539.

Corina, D. P., & Knapp, H. P. (2006a). Psycholinguistic and neurolinguistic
perspectives on sign languages. Handbook of psycholinguistics, 2,
1001-1024.

Corina, D. P., Lawyer, L. A, & Cates, D. (2012). Cross-linguistic
differences in the neural representation of human language:
evidence from users of signed languages. Frontiers in Psychology,

3.

174



Corina, D., Chiu, Y. S., Knapp, H., Greenwald, R., San Jose-Robertson,
L., & Braun, A. (2007). Neural correlates of human action
observation in hearing and deaf subjects. Brain Research, 1152,
111-129.

Cornette, L., Dupont, P., Spileers, W., Sunaert, S., Michiels, J., Van
Hecke, P., Mortelmans, L., & Orban, G. A. (1998). Human cerebral
activity evoked by motion reversal and motion onset. A PET study.
Brain, 121(1), 143-157.

Corsi, P. M. 1972. Human memory and the medial temporal region of the
brain. Dissertation Abstracts International, 34 (02), 891B.

Costa, A., & Caramazza, A. (1999). Is lexical selection in bilingual speech
production language-specific? Further evidence from Spanish—
English and English—Spanish bilinguals. Bilingualism: Language
and Cognition, 2(03), 231-244. doi:10.1017/s1366728999000334

Costa, A., & Sebastian-Gallés, N. (2014). How does the bilingual
experience sculpt the brain?. Nature Reviews Neuroscience, 15(5),
336-345.

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

Cognition, 32(5), 1057.

175



Crasborn, O. (2001). Phonetic implementation of phonological categories
in Sign Language of the Netherlands. (Doctoral dissertation,
Netherlands Graduate School of Linguistics), Utrecht.

Cull, A. (2014). Production of Movement in Users of American Sign
Language and its Influence on Being Identified as “Nonnative”.
(Doctoral dissertation, Gallaudet University).

Cummins, J. (1979). Linguistic interdependence and the educational
development of bilingual children. Review of Educational Research,
49(2), 222-251.

Darcy, I., Mora, J.C., & Diadone, D. (in press). The role of inhibitory
control in second language phonological processing. Language
Learning. doi: 10.111/lang.12161

Darcy, I., Park, H., & Yang, C. L. (2015). Individual differences in L2
acquisition of English phonology: The relation between cognitive
abilities and phonological processing. Learning and Individual
Differences, 40, 63-72.

Davis, M. H., & Gaskell, M. G. (2009). A complementary systems account
of word learning: neural and behavioural evidence. Philosophical
Transactions of the Royal Society B: Biological Sciences,
364(1536), 3773-3800.

Decety, J., & Grezes, J. (1999). Neural mechanisms subserving the
perception of human actions. Trends in Cognitive Sciences, 3(5),

172-178.

176



Demonet, J. F., Chollet, F., Ramsay, S., Cardebat, D., Nespoulous, J. L.,
Wise, R., Rascol, A., & Frackowiak, R. (1992). The anatomy of
phonological and semantic processing in normal subjects. Brain,
115(6), 1753-1768.

Desmond, J. E., & Fiez, J. A. (1998). Neuroimaging studies of the
cerebellum: language, learning and memory. Trends in Cognitive
Sciences, 2(9), 355-362.

Dijkstra, T., & Van Heuven, W. J. (2002). The architecture of the bilingual
word recognition system: From identification to decision.
Bilingualism: Language and Cognition, 5(03), 175-197.
doi:10.1017/S1366728902003012

Dijkstra, T., Grainger, J., & Van Heuven, W. J. (1999). Recognition of
cognates and interlingual homographs: The neglected role of
phonology. Journal of Memory and Language, 41(4), 496-518.
doi:10.1006/jmla.1999.2654

Dominey, P. F., Hoen, M., Blanc, J. M., & Lelekov-Boissard, T. (2003).
Neurological basis of language and sequential cognition: evidence
from simulation, aphasia, and ERP studies. Brain and Language,
86(2), 207-225.

Du, Y., He, Y., Ross, B., Bardouille, T., Wu, X., Li, L., & Alain, C. (2011).
Human auditory cortex activity shows additive effects of spectral
and spatial cues during speech segregation. Cerebral Cortex,

21(3), 698-707. doi:10.1093/cercor/bhql36

177



Dunn, L. M., & Dunn, L. M. (1997). Examiner's manual for the PPVT-III
Peabody picture vocabulary test: Form IlIA and Form 1lIB. AGS.

Eckman, F. R., & Iverson, G. K. (1993). Sonority and markedness among
onset clusters in the interlanguage of ESL learners. Second
Language Research, 9(3), 234-252. doi:
10.1177/026765839300900302

Emmorey, K. (2001). Language, cognition, and the brain: Insights from
sign language research. Mahwah, NJ: Lawrence Erlbaum
Associates.

Emmorey, K. (2002). The effects of modality on spatial language: How
signers and speakers talk about space. Modality and structure in
signed and spoken languages, 405.

Emmorey, K. (2015). The Neurobiology of Sign Language. Arthur W. Toga
(Ed.), Academic Press: Waltham, 475-479.

Emmorey, K., & Corina, D. (1990). Lexical recognition in sign language:
Effects of phonetic structure and morphology. Perceptual and Motor
Skills, 71(3), 1227-1252. doi:10.2466/pms.1990.71.3f.1227

Emmorey, K., & Kosslyn, S. M. (1996). Enhanced image generation
abilities in deaf signers: A right hemisphere effect. Brain and
Cognition, 32(1), 28-44.

Emmorey, K., & McCullough, S. (2009). The bimodal bilingual brain:
Effects of sign language experience. Brain and Language, 109(2),

124-132.

178



Emmorey, K., Allen, J. S., Bruss, J., Schenker, N., & Damasio, H. (2003).
A morphometric analysis of auditory brain regions in congenitally
deaf adults. Proceedings of the National Academy of Sciences,
100(17), 10049-10054.

Emmorey, K., Borinstein, H. B., Thompson, R., & Gollan, T. H. (2008).
Bimodal Bilingualism. Bilingualism, 11(1), 43-61.

Emmorey, K., Bosworth, R., & Kraljic, T. (2009). Visual feedback and self-
monitoring of sign language. Journal of Memory and Language,
61(3), 398-411.

Emmorey, K., Damasio, H., McCullough, S., Grabowski, T., Ponto, L. L.,
Hichwa, R. D., & Bellugi, U. (2002). Neural systems underlying
spatial language in American Sign Language. Neuroimage, 17(2),
812-824.

Emmorey, K., Giezen, M. R., & Gollan, T. H. (2015). Psycholinguistic,
cognitive, and neural implications of bimodal bilingualism.
Bilingualism: Language and Cognition, 1-20.

Emmorey, K., Grabowski, T., McCullough, S., Damasio, H., Ponto, L. L.,
Hichwa, R. D., & Bellugi, U. (2003). Neural systems underlying
lexical retrieval for sign language. Neuropsychologia, 41(1), 85-95.

Emmorey, K., Grabowski, T., McCullough, S., Ponto, L. L., Hichwa, R. D.,
& Damasio, H. (2005). The neural correlates of spatial language in
English and American Sign Language: a PET study with hearing

bilinguals. Neuroimage, 24(3), 832-840.

179



Emmorey, K., Kosslyn, S. M., & Bellugi, U. (1993). Visual imagery and
visual-spatial language: Enhanced imagery abilities in deaf and
hearing ASL signers. Cognition, 46(2), 139-181.

Emmorey, K., Luk, G., Pyers, J. E., & Bialystok, E. (2008). The source of
enhanced cognitive control in bilinguals evidence from bimodal
bilinguals. Psychological Science, 19(12), 1201-1206.

Emmorey, K., McCullough, S., & Brentari, D. (2003). Categorical
perception in American Sign Language. Language and Cognitive
Processes, 18(1), 21-45.

Emmorey, K., McCullough, S., & Brentari, D. (2003). Categorical
perception in American Sign Language. Language and Cognitive
Processes, 18(1), 21-45. doi:10.1080/01690960143000416

Emmorey, K., McCullough, S., Mehta, S., & Grabowski, T. J. (2014). How
sensory-motor systems impact the neural organization for
language: direct contrasts between spoken and signed language.
Frontiers in Psychology, 5.

Emmorey, K., McCullough, S., Mehta, S., & Grabowski, T. J. (2014). How
sensory-motor systems impact the neural organization for
language: direct contrasts between spoken and signed language.
Frontiers in Psychology, 5.

Emmorey, K., Mehta, S., & Grabowski, T. J. (2007). The neural correlates

of sign versus word production. Neuroimage, 36(1), 202-208.

180



Emmorey, K., Petrich, J. A., & Gollan, T. H. (2012). Bilingual processing of
ASL-English code-blends: The consequences of accessing two
lexical representations simultaneously. Journal of Memory and
Language, 67(1), 199-210. doi: 10.1016/j.jml.2012.04.005

Emmorey, K., Thompson, R., & Colvin, R. (2009). Eye gaze during
comprehension of American Sign Language by native and
beginning signers. Journal of Deaf Studies and Deaf Education,
14(2), 237-243.

Emmorey, K., Xu, J., & Braun, A. (2011). Neural responses to
meaningless pseudosigns: evidence for sign-based phonetic
processing in superior temporal cortex. Brain and Language,
117(1), 34-38.

Engelkamp, J., & Rummer, R. (1999). Syntactic structure and word length
in sentence. Zeitschrift Fur Experimentelle Psychologie, 46(1), 1-
15.

Escudero, P., Hayes-Harb, R., & Mitterer, H. (2008). Novel second-
language words and asymmetric lexical access. Journal of
Phonetics, 36(2), 345-360. doi:10.1016/j.wocn.2007.11.002

Fallon, A. B., Groves, K., & Tehan, G. (1999). Phonological similarity and
trace degradation in the serial recall task: When CAT helps RAT,

but not MAN. International Journal of Psychology, 34(5-6), 301-307.

181



Fazio P, Cantagallo A, Craighero L, D’Ausilio A, Roy AC, Pozzo T,
Calzolari, F., Granieri, E., & Fadiga, L. (2009). Encoding of human
action in Broca’s area. Brain, 132, 1980-1988.

Field, J. (2003). Promoting perception: lexical segmentation in L2
listening. ELT journal, 57(4), 325-334. doi: 10.1093/elt/57.4.325

Fiez, J. A. (1997). Phonology, semantics, and the role of the left inferior
prefrontal cortex. Human Brain Mapping, 5(2), 79-83.

Flege, J. E. (1995). Second language speech learning: Theory, findings,
and problems. In W. Strange (ed.), Speech Perception and
Linguistic Experience: Issues in Cross-language Research. York:
Baltimore, 233-277.

Flege, J. E., Schirru, C., & MacKay, I. R. (2003). Interaction between the
native and second language phonetic subsystems. Speech
Communication, 40(4), 467-491.

Friederici, A. D. (2006). What's in control of language?. Nature
Neuroscience, 9(8), 991-992.

Gass, S. M., & Selinker, L. (1992). Language Transfer in Language
Learning: Revised edition (Vol. 5). Philadelphia, PA: John
Benjamins Publishing.

Gathercole, S. E., Frankish, C. R., Pickering, S. J., & Peaker, S. (1999).
Phonotactic influences on short-term memory. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 25(1),

84.

182



Geer, L.C. (2016). Teaching ASL Fingerspelling to Second-language
Learners: Explicit versus implicit phonetic training. Unpublished
Dissertation, University of Texas at Austin.

Geraci, C., Gozzi, M., Papagno, C., & Cecchetto, C. (2008). How grammar
can cope with limited short-term memory: Simultaneity and seriality
in sign languages. Cognition, 106(2), 780-804.

Gierut, J. A. (1999). Syllable Onsets Clusters and Adjuncts in Acquisition.
Journal of Speech, Language, and Hearing Research, 42(3), 708-
726. doi:10.1044/jslhr.4203.708

Giezen, M. R., & Emmorey, K. (2015). Language co-activation and lexical
selection in bimodal bilinguals: Evidence from picture—word
interference. Bilingualism: Language and Cognition, 1-13.

Goldschneider, J. M., & DeKeyser, R. M. (2001). Explaining the Natural
Order of L2 Morpheme Acquisition in English: A Meta-analysis of
Multiple Determinants. Language Learning, 51(1), 1-50.
doi:10.1111/1467-9922.00147

Grafton, S. T., Arbib, M. A, Fadiga, L., & Rizzolatti, G. (1996). Localization
of grasp representations in humans by positron emission
tomography. Experimental Brain Research, 112(1), 103-111.

Grant, A. M., Fang, S. Y., & Li, P. (2015). Second language lexical
development and cognitive control: A longitudinal fMRI study. Brain

and language, 144, 35-47.

183



Green, D. M. (1971). Temporal auditory acuity. Psychological Review, 78,
549-551.

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

Grefkes, C., Ritzl, A., Zilles, K., & Fink, G. R. (2004). Human medial
intraparietal cortex subserves visuomotor coordinate
transformation. Neuroimage, 23(4), 1494-1506.

Grézes, J., Costes, N., & Decety, J. (1999). The effects of learning and
intention on the neural network involved in the perception of
meaningless actions. Brain, 122(10), 1875-1887.

Grosvald, M., Lachaud, C., & Corina, D. (2012). Handshape monitoring:
Evaluation of linguistic and perceptual factors in the processing of
American Sign Language. Language and Cognitive Processes,
27(1), 117-141. doi:10.1080/01690965.2010.549667

Hall, M. L., & Bavelier, D. (2010). 30 Working Memory, Deafness, and
Sign Language. The Oxford Handbook of Deaf Studies, Language,
and Education, 2, 458.

Hankamer, J. & J. Aissen (1974). The Sonority Hierarchy. In A. Bruck et
al. (Eds.) Papers from the Parasession on Natural Phonology.
Chicago, IL: Chicago Linguistic Society.

Hanson, V. L., & Bellugi, U. (1982). On the role of sign order and

morphological structure in memory for American Sign Language

184



sentences. Journal of Verbal Learning and Verbal Behavior, 21(5),
621-633.

Hartwigsen, G., Baumgaertner, A., Price, C. J., Koehnke, M., Ulmer, S., &
Siebner, H. R. (2010). Phonological decisions require both the left
and right supramarginal gyri. Proceedings of the National Academy
of Sciences, 107(38), 16494-16499.

Heim, S., Eickhoff, S. B., Ischebeck, A. K., Friederici, A. D., Stephan, K.
E., & Amunts, K. (2009). Effective connectivity of the left BA 44, BA
45, and inferior temporal gyrus during lexical and phonological
decisions identified with DCM. Human Brain Mapping, 30(2), 392-
402.

Hilger, A. I., Loucks, T. M., Quinto-Pozos, D., & Dye, M. W. (2015).
Second language acquisition across modalities: Production
variability in adult L2 learners of American Sign Language. Second
Language Research (published online).

Hirsch, I. J. and Sherrick, C. E. (1961). Perceived order in different sense
modalities. Journal of Experimental Psychology, 62, 423—-432.
Ishikawa, S. I., & Wei, Q. (2009). Brain imaging for SLA research: An fMRI
study of L2 learners' different levels of word semantic processing.

Brain Topography and Multimodal Imaging, 41-44.

Itti, L., & Koch, C. (1999). Comparison of feature combination strategies

for saliency-based visual attention systems. Human Vision and

Electronic Imaging 1V, 3644, 473-482. doi:10.1117/12.348467.

185



Jaeger, T. F. (2008). Categorical data analysis: Away from ANOVAs
(transformation or not) and towards logit mixed models. Journal of
Memory and Language, 59(4), 434-446.
doi:10.1016/j.jml.2007.11.007

Jakobson, R. (1968). Child language: Aphasia and phonological
universals (No. 72). Hague, The Netherlands: Walter de Gruyter.

Kaiser, S., Walther, S., Nennig, E., Kronmdller, K., Mundt, C., Weisbrod,
M., Stippich, C., & Vogeley, K. (2008). Gender-specific strategy use
and neural correlates in a spatial perspective taking task.
Neuropsychologia, 46(10), 2524-2531.

Kroll, J. F., & Chiarello, C. (2015). Language experience and the brain:
variability, neuroplasticity, and bilingualism. Language, Cognition
and Neuroscience, 1-4.

Kroll, J. F., & Potter, M. C. (1984). Recognizing words, pictures, and
concepts: A comparison of lexical, object, and reality decisions.
Journal of Verbal Learning and Verbal Behavior, 23(1), 39-66.
doi:10.1016/S0022-5371(84)90499-7

Kroll, J. F., & Stewart, E. (1994). Category interference in translation and
picture naming: Evidence for asymmetric connections between
bilingual memory representations. Journal of Memory and
Language, 33(2), 149-174.

Kroll, J. F., Dussias, P. E., Bice, K., & Perrotti, L. (2015). Bilingualism,

mind, and brain. Annu. Rev. Linguist., 1(1), 377-394.

186



Kuhl, P. K., and Iverson, P. (1995). Linguistic experience and the
perceptual magnet effect. In W. Strange (ed.), Speech Perception
and Linguistic Experience: Issues in Cross-language Research (pp.
121-154). York: Baltimore.

Kurth, F., Zilles, K., Fox, P. T., Laird, A. R., & Eickhoff, S. B. (2010). A link
between the systems: functional differentiation and integration
within the human insula revealed by meta-analysis. Brain Structure
and Function, 214(5-6), 519-534.

Landerman, L. R., Land, K. C., & Pieper, C. F. (1997). An empirical
evaluation of the predictive mean matching method for imputing
missing values. Sociological Methods & Research, 26(1), 3-33.

Laufer, B., & Girsai, N. (2008). Form-focused instruction in second
language vocabulary learning: A case for contrastive analysis and
translation. Applied Linguistics, 29(4), 694-716. doi:
10.1093/applinfamn018

Leonard, M. K., Ramirez, N. F., Torres, C., Hatrak, M., Mayberry, R. |., &
Halgren, E. (2013). Neural stages of spoken, written, and signed
word processing in beginning second language learners. Frontiers
in Human Neuroscience, 7, 1-14.

Leonard, M. K., Ramirez, N. F., Torres, C., Travis, K. E., Hatrak, M.,
Mayberry, R. I, & Halgren, E. (2012). Signed words in the

congenitally deaf evoke typical late lexicosemantic responses with

187



no early visual responses in left superior temporal cortex. The
Journal of Neuroscience, 32(28), 9700-9705.

Li, L., Abutalebi, J., Zou, L., Yan, X, Liu, L., Feng, X., Guo, T., & Ding, G.
(2015). Bilingualism alters brain functional connectivity between
“control” regions and “language” regions: Evidence from bimodal
bilinguals. Neuropsychologia, 71, 236-247.

Li, P., Legault, J., & Litcofsky, K. A. (2014). Neuroplasticity as a function of
second language learning: anatomical changes in the human
brain. Crtex, 58, 301-324.

Liddell, S. K., & Johnson, R. E. (1989). American Sign Language: The
phonological base. Sign Language Studies, 64(1), 195-277.

Liddell, S. K., & Johnson, R. E. (1989). American Sign Language: The
phonological base. Sign Language Studies, 64(1), 195-277.
doi:10.1353/sls.1989.0027

Linck, J. A., Osthus, P., Koeth, J. T., & Bunting, M. F. (2014). Working
memory and second language comprehension and production: A
meta-analysis. Psychonomic Bulletin & Review, 21(4), 861-883.

Lobley, K. J., Baddeley, A. D., & Gathercole, S. E. (2005). Phonological
similarity effects in verbal complex span. The Quarterly Journal of
Experimental Psychology Section A, 58(8), 1462-1478.

Luce, P. A., & Pisoni, D. B. (1998). Recognizing spoken words: The

neighborhood activation model. Ear and Hearing, 19(1), 1-36.

188



Lupton, L. K., & Zelaznik, H. N. (1990). Motor learning in sign language
students. Sign Language Studies, 67(1), 153-174.
doi:10.1353/sls.1990.0020

Maclintyre, P. D., Noels, K. A., & Clément, R. (1997). Biases in self-ratings
of second language proficiency: The role of language anxiety.
Language Learning, 47(2), 265-287.

Maclintyre, P. D., Noels, K. A., & Clément, R. (1997). Biases in self-ratings
of second language proficiency: The role of language anxiety.
Language Learning, 47(2), 265-287.

MacKain, K. S., Best, C. T., & Strange, W. (1981). Categorical perception
of English /r/ and /Il by Japanese bilinguals. Applied
Psycholinguistics, 2(04), 369-390.

MacSweeney, M., Campbell, R., Woll, B., Brammer, M. J., Giampietro, V.,
David, A. S., Calvert, G.A., & McGuire, P. K. (2006). Lexical and
sentential processing in British Sign Language. Human Brain
Mapping, 27(1), 63-76.

MacSweeney, M., Capek, C. M., Campbell, R., & Woll, B. (2008). The
signing brain: the neurobiology of sign language. Trends in
Cognitive Sciences, 12(11), 432-440.

MacSweeney, M., Woll, B., Campbell, R., McGuire, P. K., David, A. S.,
Williams, S. C., ... & Brammer, M. J. (2002). Neural systems
underlying British Sign Language and audio-visual English

processing in native users. Brain, 125(7), 1583-1593.

189



Marentette, P. F., & Mayberry, R. I. (2000). Principles for an emerging
phonological system: A case study of early ASL acquisition.
Language acquisition by eye, 71-90.

Marian, V., Shildkrot, Y., Blumenfeld, H. K., Kaushanskaya, M., Faroqi-
Shah, Y., & Hirsch, J. (2007). Cortical activation during word
processing in late bilinguals: similarities and differences as
revealed by functional magnetic resonance imaging. Journal of
Clinical and Experimental Neuropsychology, 29(3), 247-265.

Marian, V., Spivey, M., & Hirsch, J. (2003). Shared and separate systems
in bilingual language processing: Converging evidence from
eyetracking and brain imaging. Brain and language, 86(1), 70-82.

Mayberry, R. 1. (2007). When timing is everything: Age of first-language
acquisition effects on second-language learning. Applied
Psycholinguistics, 28(03), 537-549.

Mayberry, R. I., & Eichen, E. B. (1991). The long-lasting advantage of
learning sign language in childhood: Another look at the critical
period for language acquisition. Journal of Memory and Language,
30(4), 486-512.

Mayberry, R. I., & Fischer, S. D. (1989). Looking through phonological
shape to lexical meaning: The bottleneck of non-native sign
language processing. Memory & Cognition, 17(6), 740-754.

McDermid, C. (2014). Evidence of a "Hearing" dialect of ASL while

interpreting. Journal of Interpretation, 23(1), 1-26.

190



McLaughlin, J., Osterhout, L., & Kim, A. (2004). Neural correlates of
second-language word learning: Minimal instruction produces rapid
change. Nature Neuroscience, 7(7), 703-704.

Meier, R. (2006). The Form of Early Signs: Explaining Signing Children’s
Articulatory Development. In: B. Schick, M. Marschark, & P.E.
Spencer (Eds.), Advances in Sign Language Development by Deaf
Children (pp. 202-230). New York, NY: Oxford University.

Meier, R. P. (1982). Icons, analogues, and morphemes: The acquisition of
verb agreement in American Sign Language (Doctoral dissertation,
University of California, San Diego).

Meier, R. P. (2000). Shared motoric factors in the acquisition of sign and
speech. The signs of language revisited: An anthology to honor
Ursula Bellugi and Edward Klima, 333-356.

Meier, R., Mauk, C., Cheek, A. & Moreland, C. (2008). The Form of
Children’s Early Signs: Iconic or Motoric Determinants? Language
Learning and Development, 4, 393-405.
doi:10.1080/15475440701377618

Mirus, Gene R., Christian Rathmann, and Richard P. Meier (2001)
Proximalization and Distalization of Sign Movement in Adult
Learners. In Signed Languages: Discoveries from International
Research, ed. Valerie Dively, Melanie Metzger, Sarah Taub, and
Anne Marie Baer, 103—-119. Washington, D.C.: Gallaudet University

Press.

191



Molholm, S., Sehatpour, P., Mehta, A. D., Shpaner, M., Gomez-Ramirez,
M., Ortigue, S., Dyke, J.P., Schwartz, T.H., & Foxe, J. J. (2006).
Audio-visual multisensory integration in superior parietal lobule
revealed by human intracranial recordings. Journal of
Neurophysiology, 96(2), 721-729.

Morere, D. (2008). The fingerspelling test. Washington, DC: Science of
Learning Institute Visual Language and Visual Learning.

Morford, J. P., & Carlson, M. L. (2011). Sign perception and recognition in
non-native signers of ASL. Language Learning and Development,
7(2), 149-168.

Morford, J. P., & Carlson, M. L. (2011). Sign perception and recognition in
non-native signers of ASL. Language Learning and Development,
7(2), 149-168. d0i:10.1080/15475441.2011.543393

Morford, J. P., Grieve-Smith, A. B., MacFarlane, J., Staley, J., & Waters,
G. (2008). Effects of language experience on the perception of
American Sign Language. Cognition, 109(1), 41-53.

Nakamura, A., Yamada, T., Goto, A., Kato, T., Ito, K., Abe, Y., ... & Kakigi,
R. (1998). Somatosensory homunculus as drawn by MEG.
Neuroimage, 7(4), 377-386.

Neville, H. J., Bavelier, D., Corina, D., Rauschecker, J., Karni, A., Lalwani,
A., Braun, A., Clark, V., Jezzard, P., & Turner, R. (1998). Cerebral

organization for language in deaf and hearing subjects: biological

192



constraints and effects of experience. Proceedings of the National
Academy of Sciences, 95(3), 922-929.

Newman-Norlund, R. D., van Schie, H. T., van Zuijlen, A. M., & Bekkering,
H. (2007). The mirror neuron system is more active during
complementary compared with imitative action. Nature
Neuroscience, 10(7).

Newman, A. J., Bavelier, D., Corina, D., Jezzard, P., & Neville, H. J.
(2002). A critical period for right hemisphere recruitment in
American Sign Language processing. Nature Neuroscience, 5(1),
76-80.

Nitschke, M. F., Kleinschmidt, A., Wessel, K., & Frahm, J. (1996).
Somatotopic motor representation in the human anterior cerebellum
A high-resolution functional MRI study. Brain, 119(3), 1023-1029.

Obleser, J., & Kotz, S. A. (2009). Expectancy constraints in degraded
speech modulate the language comprehension network. Cerebral
Cortex, bhp128.

Ohala, D. K. (1999). The influence of sonority on children's cluster
reductions. Journal of Communication Disorders, 32(6), 397-422.

Ohala, J. J., & Kawasaki-Fukumori, H. (1997). Alternatives to the sonority
hierarchy for explaining segmental sequential constraints. Trends In
Linguistics Studies And Monographs, 100343-366. Berlin,

Germany: Walter de Gruyter. doi:10.1016/s0021-9924(99)00018-0

193



Ohala, J. J., & Kawasaki, H. (1984). Prosodic phonology and phonetics.
Phonology, 1, 113-127. doi:10.1016/S0021-9924(99)00018-0

Oldfield, R. C. (1971). The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia, 9(1), 97-113.
doi:10.1016/0028-3932(71)90067-4

Orlansky, M. D., & Bonvillian, J. D. (1984). The role of iconicity in early
sign language acquisition. Journal of Speech and Hearing
Disorders, 49(3), 287-292. doi:10.1044/jshd.4903.287

Ormel, E., Hermans, D., Knoors, H., & Verhoeven, L. (2009). The role of
sign phonology and iconicity during sign processing: the case of
deaf children. Journal of Deaf Studies and Deaf Education.
doi:10.1093/deafed/enp021

Ortega-Delgado, G. (2013). Acquisition of a Signed Phonological System
by Hearing Adults: the Role of Sign Structure and Iconicity. Ph.D.
dissertation, University College London.

Osterhout, L., Mclaughlin, J., Pitkanen, I., Frenck-Mestre, C., & Molinaro,
N. (2006). Novice learners, longitudinal designs, and event-related
potentials: A means for exploring the neurocognition of second
language processing. Language Learning, 56, 199-230.

Peirce, J. W. (2007). PsychoPy—psychophysics software in Python.
Journal of Neuroscience Methods, 162(1), 8-13.

doi:10.1016/j.jneumeth.2006.11.017

194



Pelphrey, K. A., Morris, J. P., Michelich, C. R., Allison, T., & McCarthy, G.
(2005). Functional anatomy of biological motion perception in
posterior temporal cortex: an fMRI study of eye, mouth and hand
movements. Cerebral Cortex, 15(12), 1866-1876.

Perani, D., & Abutalebi, J. (2005). The neural basis of first and second
language processing. Current Opinion in Neurobiology, 15(2), 202-
206.

Perani, D., Paulesu, E., Galles, N. S., Dupoux, E., Dehaene, S., Bettinardi,
V., Cappa, ,S.F., Fazio, F., & Mehler, J. (1998). The bilingual brain.
Proficiency and age of acquisition of the second language. Brain,
121(10), 1841-1852.

Perlmutter, D. M. (1992). Sonority and syllable structure in American Sign
Language. Linguistic Inquiry, 407-442. doi:10.1016/b978-0-12-
193270-1.50016-9

Petitto, L. A., Zatorre, R. J., Gauna, K., Nikelski, E. J., Dostie, D., & Evans,
A. C. (2000). Speech-like cerebral activity in profoundly deaf people
processing signed languages: implications for the neural basis of
human language. Proceedings of the National Academy of
Sciences, 97(25), 13961-13966.

Pichler, C. D. (2011). Sources of handshape error in first-time signers of
ASL. In G. Mathur & D. J. Napoli (Eds.), Deaf around the world:

The impact of language (pp. 96—121). Oxford: Oxford University

Press.

195



Pichler, C. D. (2011). Sources of handshape error in first-time signers of
ASL. In G. Mathur & D. J. Napoli (Eds.), Deaf around the world:
The impact of language (pp. 96-121). Oxford: Oxford University
Press.

Poeppel, D., Emmorey, K., Hickok, G., & Pylkk&nen, L. (2012). Towards a
new neurobiology of language. The Journal of Neuroscience,
32(41), 14125-14131.

Potter, M. C., & Lombardi, L. (1990). Regeneration in the short-term recall
of sentences. Journal of Memory and Language, 29(6), 633-654.

Price, C. J. (2000). The anatomy of language: contributions from
functional neuroimaging. Journal of Anatomy, 197(03), 335-359.

Price, C. J. (2010). The anatomy of language: a review of 100 fMRI
studies published in 2009. Annals of the New York Academy of
Sciences, 1191(1), 62-88.

Puce, A., & Perrett, D. (2003). Electrophysiology and brain imaging of
biological motion. Philosophical Transactions of the Royal Society
of London B: Biological Sciences, 358(1431), 435-445.

Ramirez, N. F., Leonard, M. K., Torres, C., Hatrak, M., Halgren, E., &
Mayberry, R. I. (2013). Neural language processing in adolescent
first-language learners. Cerebral Cortex, bht137.

Rodriguez-Fornells, A., Van Der Lugt, A., Rotte, M., Britti, B., Heinze, H.
J., & Minte, T. F. (2005). Second language interferes with word

production in fluent bilinguals: brain potential and functional

196



imaging evidence. Journal of Cognitive Neuroscience, 17(3), 422-
433. doi:10.1162/0898929053279559

Romero, L., Walsh, V., & Papagno, C. (2006). The neural correlates of
phonological short-term memory: a repetitive transcranial magnetic
stimulation study. Journal of Cognitive Neuroscience, 18(7), 1147-
1155.

Rosen, R. (2004). Beginning L2 Production Errors in ASL Lexical
Phonology. Sign Language and Linguistics, 7, 31-61.
doi:10.1075/sl1.7.1.04beg

Saidi, L. G., Perlbarg, V., Marrelec, G., Pélégrini-Issac, M., Benali, H., &
Ansaldo, A. I. (2013). Functional connectivity changes in second
language vocabulary learning. Brain and Language, 124(1), 56-65.

Sakai, K. L. (2005). Language acquisition and brain development.
Science, 310(5749), 815-819.

Sander, E. (1972). When are speech sounds learned? Journal of Speech
and Hearing Disorders, 37: 55—-63. doi: 10.1044/jshd.3701.55
Sandler, W. (1989). Phonological representation of the sign: Linearity and
nonlinearity in American Sign Language (Vol. 32). Dordrecht, The

Netherlands: Walter de Gruyter.

Sandler, W. (1993). A sonority cycle in American Sign Language.
Phonology, 10(2), 243-279. doi:10.1017/S0952675700000051

Sandler, W., & Lillo-Martin, D. (2006). Sign language and linguistic

universals. Cambridge: Cambridge University Press.

197



Schlegel, A. A., Rudelson, J. J., & Peter, U. T. (2012). White matter
structure changes as adults learn a second language. Journal of
Cognitive Neuroscience, 24(8), 1664-1670.

Schlehofer, D., & Tyler, 1.J. (2016). Errors in second language learners’
production of phonological contrasts in American Sign Language.
linternational Journal of Language and Linguistics, 3(2), 30-38.

Schroéger, E., & Widmann, A. (1998). Speeded responses to audiovisual
signal changes result from bimodal integration. Psychophysiology,
35(6), 755-759. d0i:10.1111/1469-8986.3560755

Schwartz, R. G., & Leonard, L. B. (1982). Do children pick and choose?
An examination of phonological selection and avoidance in early
lexical acquisition. Journal of child language, 9(02), 319-336.
doi:10.1017/S0305000900004748

Secora, K., & Emmorey, K. (2015). The Action-Sentence Compatibility
Effect in ASL: the role of semantics vs. perception. Language and
Cognition, 7(02), 305-318. doi: 10.1017/langcog.2014.40

Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G. H.,
Kenna, H., Reiss, A.L. & Greicius, M. D. (2007). Dissociable
intrinsic connectivity networks for salience processing and
executive control. The Journal of Neuroscience, 27(9), 2349-2356.

Serrien, D. J., Strens, L. H., Oliviero, A., & Brown, P. (2002). Repetitive

transcranial magnetic stimulation of the supplementary motor area

198



(SMA) degrades bimanual movement control in humans.
Neuroscience Letters, 328(2), 89-92.

Servos, P., Osu, R., Santi, A., & Kawato, M. (2002). The neural substrates
of biological motion perception: an fMRI study. Cerebral Cortex,
12(7), 772-782.

Shima, K., & Tanji, J. (1998). Role for cingulate motor area cells in
voluntary movement selection based on reward. Science,
282(5392), 1335-1338.

Shook, A., & Marian, V. (2012). Bimodal bilinguals co-activate both
languages during spoken comprehension. Cognition, 124(3), 314-
324.

Showalter, C.E., & Hayes-Harb, R. (2013). Unfamiliar orthographic
information and second language word learning: A novel lexicon
study. Second Language Research, 29(2), 185- 200.
doi:10.1177/0267658313480154

Showalter, C.E., & Hayes-Harb, R. (2015). Native English speakers
learning Arabic: The influence of novel orthographic information on
second language phonological acquisition. Applied
Psycholinguistics, 36(1), 23-42. doi:10.1017/S0142716414000411

Siedlecki, T., & Bonvillian, J. D. (1997). Young children's acquisition of the
handshape aspect of American Sign Language signs: Parental
report findings. Applied Psycholinguistics, 18(1), 17-39.

doi:10.1017/S0142716400009851

199



Sliwinska, M. W., Khadilkar, M., Campbell-Ratcliffe, J., Quevenco, F., &
Devlin, J. T. (2012). Early and sustained supramarginal gyrus
contributions to phonological processing. Frontiers in Psychology,
3.

Smith, D. V., Davis, B., Niu, K., Healy, E. W., Bonilha, L., Fridriksson, J.,

... & Rorden, C. (2010). Spatial attention evokes similar activation
patterns for visual and auditory stimuli. Journal of Cognitive
Neuroscience, 22(2), 347-361.

Smith, Lentz, & Mikos. (1988a). Signing Naturally Level 1. San Diego,
California: DawnSignPress.

Smith, Lentz, & Mikos. (1988b). Signing Naturally Level 2. San Diego,
California: DawnSignPress.

Smith, Lentz, & Mikos. (2008). Signing naturally (First edition).
DawnSignPress.

Soderfeldt, B., Ingvar, M., Ronnberg, J., Eriksson, L., Serrander, M., &
Stone-Elander, S. (1997). Signed and spoken language perception
studied by positron emission tomography. Neurology, 49(1), 82-87.

Sohn, M. H., Albert, M. V., Jung, K., Carter, C. S., & Anderson, J. R.
(2007). Anticipation of conflict monitoring in the anterior cingulate
cortex and the prefrontal cortex. Proceedings of the National

Academy of Sciences, 104(25), 10330-10334.

200



Speer, N. K., Swallow, K. M., & Zacks, J. M. (2003). Activation of human

motion processing areas during event perception. Cognitive,

Affective, & Behavioral Neuroscience, 3(4), 335-345.

Stein, M., Dierks, T., Brandeis, D., Wirth, M., Strik, W., & Koenig, T.

Stein,

(2006). Plasticity in the adult language system: A longitudinal
electrophysiological study on second language learning.
Neuroimage, 33(2), 774-783.

M., Federspiel, A., Koenig, T., Wirth, M., Lehmann, C., Wiest, R.,
Werner, S., Brandeis, D., & Dierks, T. (2009). Reduced frontal
activation  with  increasing 2nd language  proficiency.

Neuropsychologia, 47(13), 2712-2720.

Stein, M., Federspiel, A., Koenig, T., Wirth, M., Strik, W., Wiest, R., ... &

Dierks, T. (2012). Structural plasticity in the language system
related to increased second language proficiency. Cortex, 48(4),

458-465.

Stoeckel, C., Gough, P. M., Watkins, K. E., & Devlin, J. T. (2009).

Supramarginal gyrus involvement in visual word recognition.

Cortex, 45(9), 1091-1096.

Storkel, H. L. (2006). Do children still pick and choose? The relationship

between phonological knowledge and lexical acquisition beyond 50
words. Clinical Linguistics & Phonetics, 20(7-8), 523-529.

doi:10.1080/02699200500266349

201



Storkel, H. L., & Adlof, S. M. (2009). The effect of semantic set size on
word learning by preschool children. Journal of Speech, Language,
and Hearing Research, 52(2), 306-320. doi: 10.1044/1092-
4388(2009/07-0175)

Storkel, H. L., & Lee, S. Y. (2011). The independent effects of phonotactic
probability and neighbourhood density on lexical acquisition by
preschool children. Language and Cognitive Processes, 26(2), 191-
211. doi:10.1080/01690961003787609

Strange, W. (1995). Speech perception and linguistic experience: Issues
in cross-language research. York, Baltimore.

Sumby, W. H., & Pollack, I. (1954). Visual contribution to speech
intelligibility in noise. The Journal of the Acoustical Society of
America, 26(2), 212-215. DOI: 10.1121/1.1907309

Summerfield, Q. (1992). Lipreading and audio-visual speech perception.
Philosophical Transactions of the Royal Society of London B:
Biological Sciences, 335(1273), 71-78. DOI:
10.1098/rsth.1992.0009

Tartter, V. C., & Fischer, S. D. (1982). Perceiving minimal distinctions in
ASL under normal and point-light display conditions. Perception &
Psychophysics, 32(4), 327-334.

Tehan, G., Hendry, L., & Kocinski, D. (2001). Word length and

phonological similarity effects in simple, complex, and delayed

202



serial recall tasks: Implications for working memory. Memory, 9(4-
6), 333-348.

Thompson-Schill, S. L., D’Esposito, M., Aguirre, G. K., & Farah, M. J.
(1997). Role of left inferior prefrontal cortex in retrieval of semantic
knowledge: A reevaluation. Proceedings of the National Academy
of Sciences, 94(26), 14792-14797.

Thompson-Schill, S. L., D’Esposito, M., Aguirre, G. K., & Farah, M. J.
(1997). Role of left inferior prefrontal cortex in retrieval of semantic
knowledge: A reevaluation. Proceedings of the National Academy
of Sciences, 94(26), 14792-14797.

Thompson, J. C., Hardee, J. E., Panayiotou, A., Crewther, D., & Puce, A.
(2007). Common and distinct brain activation to viewing dynamic
sequences of face and hand movements. Neuroimage, 37(3), 966-
973.

Thompson, R. L. (2011). Iconicity in language processing and acquisition:
What signed languages reveal. Language and Linguistics
Compass, 5(9), 603-616. doi:10.1111/j.1749-818X.2011.00301.x

Thompson, R. L., Vinson, D. P., & Vigliocco, G. (2009). The link between
form and meaning in American Sign Language: lexical processing
effects. Journal of Experimental Psychology: Learning, Memory,

and Cognition, 35(2), 550. doi:10.1037/a0014547

203



Treiman, R., & Hirsh-Pasek, K. (1983). Silent reading: Insights from
second-generation deaf readers. Cognitive psychology, 15(1), 39-
65.

Tropf, H. S. (1987). Sonority as a Variability Factor in Second Language
Phonology in Sound Patterns in Second Language Acquisition.
Studies on Language Acquisition (SOLA), (5), 173-191.

uddin, L. Q. (2015). Salience processing and insular cortical function and
dysfunction. Nature Reviews Neuroscience, 16(1), 55-61.

Vaina, L. M., Solomon, J., Chowdhury, S., Sinha, P., & Belliveau, J. W.
(2001). Functional neuroanatomy of biological motion perception in
humans. Proceedings of the National Academy of Sciences,
98(20), 11656-11661.

van der Slik, F. W., van Hout, R. W., & Schepens, J. J. (2015). The gender
gap in second language acquisition: Gender differences in the
acquisition of Dutch among immigrants from 88 countries with 49
mother tongues. PloS One, 10(11), e0142056.

van Hell, J. G., & Tanner, D. (2012). Second Language Proficiency and
Cross-Language Lexical Activation. Language Learning, 62(2),
148-171.

van Hell, J. G., Ormel, E., van der Loop, J., & Hermans, D. (2009). Cross-
Language interaction in unimodal and bimodal bilinguals. In Paper
presented at the 16th conference of the European society for

cognitive psychology. Krakow, Poland, September, 2-5.

204



van Wassenhove, V., Grant, K. W., & Poeppel, D. (2005). Visual speech
speeds up the neural processing of auditory speech. Proceedings
of the National Academy of Sciences of the United States of
America, 102(4), 1181-1186. doi: 10.1073/pnas.0408949102

Veling, H., & van Knippenberg, A. (2004). Remembering can cause
inhibition: Retrieval-induced inhibition as cue independent process.
Journal of Experimental Psychology: Learning, Memory, and
Cognition, 30, 315-318. doi:10.1037/0278-7393.30.2.315

Verbeke, G., & Molenberghs, G. (2009). Linear mixed models for
longitudinal data. Springer Science & Business Media.

Vigneau, M., Beaucousin, V., Herve, P. Y., Duffau, H., Crivello, F., Houde,
0., Mazoyer, N., & Tzourio-Mazoyer, N. (2006). Meta-analyzing left
hemisphere language areas: phonology, semantics, and sentence
processing. Neuroimage, 30(4), 1414-1432.

Vitevitch, M. S. (2002). The influence of phonological similarity
neighborhoods on speech production. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 28(4), 735-747.

Vitevitch, M. S., & Luce, P. A. (1998). When Words Compete: Levels of
processing in perception of spoken words. Psychological Science,
9(4), 325-329.

Welch, R. B. and Warren, D. H. (1986). Intersensory interactions. In Boff,

K. R., Kaufman, L., and Thomas, J. P., editors, Handbook of

205



Perception and Human Performance, Volume 1: Sensory
Processes and Perception, pages 25-36. Wiley, New York.

Wilbur, R. B. (1993). Syllables and segments: Hold the movement and
move the holds. Current issues in ASL phonology, 3, 135-168.
doi:10.1016/b978-0-12-193270-1.50012-1

Williams, J.T., & Darcy, I., & Newman, S.D. (2015b). Second language
working memory deficits and plasticity in hearing bimodal learners
of sign language. Psychology of Language & Communication,
19(2), 128-148. doi: 10.1515/plc-2015-0008

Williams, J.T., & Newman, S.D. (2015). Interlanguage dynamics and
lexical networks in nonnative L2 signers of ASL: Cross-modal
rhyme priming. Bilingualism: Language and Cognition, 1-18.

Williams, J.T., & Newman, S.D. (2016). Phonological substitution errors in
L1 ASL sentence processing by hearing M2L2 learners. Second
Language Research, 32(3), 347-366. doi:
10.1177/0267658315626211

Williams, J.T., and Newman, S.D. (2015). Interlanguage dynamics and
lexical networks in nonnative L2 signers of ASL: Cross-modal
rhyme priming. Bilingualism: Language and Cognition, 1-18. doi:
10.1017/S136672891500019X

Williams, J.T., Darcy, I., & Newman, S.D. (2015). Modality-independent
neural mechanisms for novel phonetic processing. Brain Research,

1620, 107-115. doi:10.1016/j.brainres.2015.05.014

206



Williams, J.T., Darcy, I., & Newman, S.D. (2016). Modality-specific
processing precedes amodal linguistic processing during L2 sign
language acquisition: a longitudinal study. Cortex, 75, 56-67. doi:
10.1016/j.cortex.2015.11.015.

Wilson, M., & Emmorey, K. (1997). A visuospatial “phonological loop” in
working memory: Evidence from American Sign Language. Memory
& Cognition, 25(3), 313-320.

Wilson, M., Bettger, J. G., Niculae, I., & Klima, E. S. (1997). Modality of
language shapes working memory: Evidence from digit span and
spatial span in ASL signers. Journal of Deaf Studies and Deaf
Education, 2, 150-160.

Wu, Y. J., & Thierry, G. (2010). Chinese—English bilinguals reading
English hear Chinese. Journal of Neuroscience, 30, 7646-7651.
doi:10.1523/JNEUROSCI.1602-10.2010

Xie, X., & Fowler, C. A. (2013). Listening with a foreign-accent: The
interlanguage speech intelligibility benefit in Mandarin Speakers of
English. Journal of Phonetics, 41(5), 369-378.

Yantis, S., & Egeth, H. E. (1999). On the distinction between visual
salience and stimulus-driven attentional capture. Journal of
Experimental Psychology: Human Perception and Performance,

25(3), 661. doi:10.1037/0096-1523.25.3.661

207



Yavas, M. S., & Gogate, L. J. (1999). Phoneme awareness in children: A
function of sonority. Journal of Psycholinguistic Research, 28(3),
245-260. doi:10.1023/A:1023254114696

Yu, C., & Smith, L. B. (2007). Rapid word learning under uncertainty via
cross-situational statistics. Psychological Science, 18(5), 414-420.
doi: 10.1111/j.1467-9280.2007.01915.x

Zacks, J. M., Braver, T. S., Sheridan, M. A., Donaldson, D. I., Snyder, A.
Z., Ollinger, J. M., Buckner, R.L., & Raichle, M. E. (2001). Human
brain activity time-locked to perceptual event boundaries. Nature
Neuroscience, 4(6), 651-655.

Zacks, J. M., Swallow, K. M., Vettel, J. M., & McAvoy, M. P. (2006). Visual
motion and the neural correlates of event perception. Brain
research, 1076(1), 150-162.

Zatorre, R. J., Evans, A. C., Meyer, E., & Gjedde, A. (1992). Lateralization
of phonetic and pitch discrimination in speech processing. Science,
256(5058), 846-849.

Zatorre, R. J., Evans, A. C., Meyer, E., & Gjedde, A. (1992). Lateralization
of phonetic and pitch discrimination in speech processing. Science,
256(5058), 846-849.

Zatorre, R. J., Meyer, E., Gjedde, A., & Evans, A. C. (1996). PET studies
of phonetic processing of speech: review, replication, and

reanalysis. Cerebral Cortex, 6(1), 21-30.

208



Zou, L., Ding, G., Abutalebi, J., Shu, H., & Peng, D. (2012). Structural
plasticity of the left caudate in bimodal bilinguals. Cortex, 48(9),

1197-1206.

209



Appendix

210



Appendix Table 1: fMRI Stimuli (Chapters 2 & 3)

Head Not Head
HOME TIME
DRINK NIGHT
FOOD WORK
PARENTS HAPPY
BORED TOILET
MISS WEEK
SEARCH SORRY
CANDY MILK
DEAF PLAY
SICK SAME
MAN FEEL
WOMAN LIFE
GIRL GAME
BOY SCHOOL
LAUGH HARD
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Appendix Figure 1: Chapter 5

Al. Depictions of the handshapes used in this study
Unmarked Marked

[Note: 5 and B are often lumped within the same handshape
family.] Images downloaded from the Centre for Sign Language
Linguistics & Deaf Studies website with permission
(www.cslds.org).
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	Chapter 1: Introduction
	To understand language is to be able to successfully integrate information from various sensorimotor systems. For example, speech perception requires integration of visual and acoustic cues (Campbell, 2008; Sumby & Pollack, 1954; Summerfield, 1992). Humans are constantly using and integrating various sensorimotor information for other linguistic tasks, such as processing co-speech gesture, reading, and writing. Despite the constant integration of visual and acoustic cues for spoken language comprehension, v
	common spoken phonemes across the two languages, as well as neurological similarities, wherein the neural tissues that process both languages are the same (Costa, & Sebastián-Gallés, 2014; Kroll et al., 2015; Kroll & Chiarello, 2015). Despite hearing individuals being multimodal language users, it is unclear whether the acquisition of a new language that uses another modality is supported in the same manner.  
	Sign languages, on the other hand, are visual languages that use the hands, body, and face to produce sequentially- and simultaneously-ordered linguistic information. Sign languages are dependent on robust and dynamic visuospatial dependencies at all levels of linguistic analysis (Emmorey, 2001; Sandler & Lillo-Martin, 2006). Not only does sign language comprehension incorporate similar visual cues as speech perception, such as mouthing and gesture, but the visuospatial aspects of sign languages can diverge
	multiple visuospatial cues at all levels of linguistic analysis provide affordances that likely shape the neurocognitive system. 
	Differences in language modality are subserved by the respective sensory system’s preferential treatment of various types of information. The visual system is attuned to vertical processing, or the processing of simultaneously layered information; the auditory system, on the other hand, is attuned to horizontal processing, or the processing of sequentially-ordered information (Geer, 2016; Green, 1971; Hirsch & Sherrick, 1961; Welch & Warren, 1986). Hearing adults have decades of experience with one language
	Given the robust visuospatial representations and skills inherently required for sign language processing compared to the visual information used in spoken language processing, this dissertation advances a novel hypothesis (i.e., “Modality Adaptation Hypothesis”) that adult hearing L2 
	learners must acquire the unique aspects of their new visual language modality before they can accurately acquire amodal linguistic representations. The formulation of the Modality Adaptation Hypothesis (MAH) comes from a myriad of evidence, both extant and novel, that argues visual affordances of sign languages shape behavior, cognition, and the brain.   
	In order to support this hypothesis, the following arguments will be made drawing on novel experimentation as well as the extant literature: 
	 
	1. Neural tissues related to modality-specific (e.g., visuospatial, hand) processing are more active during initial sign language acquisition than regions involved in amodal linguistic processing. Furthermore, a switch from modality-dependent to modality-independent regions will occur with increased sign language experience (Chapter 2). 
	1. Neural tissues related to modality-specific (e.g., visuospatial, hand) processing are more active during initial sign language acquisition than regions involved in amodal linguistic processing. Furthermore, a switch from modality-dependent to modality-independent regions will occur with increased sign language experience (Chapter 2). 
	1. Neural tissues related to modality-specific (e.g., visuospatial, hand) processing are more active during initial sign language acquisition than regions involved in amodal linguistic processing. Furthermore, a switch from modality-dependent to modality-independent regions will occur with increased sign language experience (Chapter 2). 

	2. Poor learning outcomes are dependent on deficits in modality-specific processing, such as visuospatial processing, visual phonetic segmentation, hand and biological motion processing (Chapter 3).  
	2. Poor learning outcomes are dependent on deficits in modality-specific processing, such as visuospatial processing, visual phonetic segmentation, hand and biological motion processing (Chapter 3).  

	3. Sign language and fingerspelling acquisition follows patterns of modality-specific perceptual features, such as visual sonority, handshape markedness, and movement features (Chapters 4 and 5).  
	3. Sign language and fingerspelling acquisition follows patterns of modality-specific perceptual features, such as visual sonority, handshape markedness, and movement features (Chapters 4 and 5).  


	 
	As such, it will be argued that the affordances of the visual language not only induce modality-specific neurocognitive plasticity in initial sign language, but said plasticity is the hallmark predictor of successful language outcomes. In other words, it will be argued that the learner's ability to acquire these new visuospatial skills is proportional to their L2 sign fluency and their ultimate success in acquiring sign language as a second language.  
	It is important to keep in mind, however, that this hypothesis does not suggest that sign language acquisition is solely dependent on visuospatial neurocognitive plasticity. Rather, the dissertation will provide evidence that first language skills (e.g., phonetic abilities, vocabulary knowledge, etc.) can be bootstrapped during acquisition. The use of the first language further supports the argument that the divergence between language modalities affords learners the ability to capitalize on the use of subv
	The formulation of this hypothesis is significant in many ways. First, this dissertation explores how language modality affects the behavioral and neurocognitive mechanisms that underlie second language acquisition. Much of the theory of second language acquisition is reliant on the study of spoken languages. As such, it is unclear whether these specific theories are generalizable to sign language acquisition as second language. There is value in being able to distinguish between modality-independent theori
	Investigation of the MAH for sign language acquisition can inform theories of neuroplasticity. It is argued that the ability to adapt, or the degree of neuroplasticity, is the mechanism that underlies initial acquisition of a sign language as a second language. By quantifying the neurocognitive changes over initial acquisition, we are able to similarly quantify the extent to which neuroplasticity is essential to language learning. As a result, the hypothesis constructs a significant framework for future neu
	More importantly, this hypothesis can inform neurocognitive universals that underlie all learning. Similar to the first point, if comparable changes are seen in this learner population in terms of neurocognitive adaptation as has been reported for unimodal learners, then we can start to piece together a comprehensive view of how second languages are 
	learned. Furthermore, modality-dependent mechanisms shed light on the interaction between sensorimotor systems and general cognitive learning, which can bolster theories of embodied language processing and cognition.  
	Lastly, this hypothesis sets a foundation for translational work to fulfill a pedagogical need. Given that this hypothesis posits that initial acquisition is dependent upon visuospatial adaptation, then training programs and curricula can be constructed to address this domain before relying on more complex, supramodal linguistic skills. These programs can then be implemented in foreign language and interpreting programs across the world. In turn, improved language outcomes, especially in interpreting progra
	The dissertation will be split into chapters that contain already published articles that contribute to MAH. As such, each chapter will include a review of the extant literature regarding the given topic, the experiment, and discussion. A final chapter (Chapter 6) will be included to bring the entire argumentation together and flesh out the MAH. 
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Chapter 2: Longitudinal Evidence 
	 
	This chapter has been previously published, but the formatting has been slightly modified for the purposes of this dissertation: 
	 
	Williams, J.T., Darcy, I., Newman, S.D. (2016). Modality-specific processing precedes amodal linguistic processing during L2 sign language acquisition: a longitudinal study. Cortex, 75, 56-67. doi: 10.1016/j.cortex.2015.11.015 
	 
	Introduction 
	 The neurobiology of bilingual language processing has turned to understand the neurobiology of language that includes the study of sign languages (Emmorey, Giezen, & Gollan, 2015; Emmorey & McCullough, 2009). The study of the bimodal bilingual (i.e., bilinguals who use both a sign and spoken language) brain has been relatively sparse and has restricted itself largely to native bimodal bilinguals, or hearing individuals born into deaf signing families. However, many more adults are beginning to learn sign l
	 The study of bimodal bilinguals is important because there is growing behavioral evidence suggesting that both spoken and sign languages are co-activated during sign language comprehension (Geizen 
	& Emmorey, 2015; Shook & Marian, 2012; Williams & Newman, 2015), despite neurobiological evidence of distinct patterns of activation for sign and spoken language processing across monolingual populations (Corina, Lawyer, & Cates, 2013; Emmorey, Giezen, & Gollan, 2014; Emmorey, McCullough, Mehta, & Grabowski, 2014). Of interest to the present study is how the bimodal bilingual brain processes sign language. Bimodal bilinguals show greater activation in the bilateral parietal cortex and bilateral occipitotemp
	 A functional change in brain processing has been seen for L2 learners after relatively little exposure to a second language. McLaughlin 
	and colleagues (McLaughlin, Osterhout, & Kim, 2004) have shown that L2 learners rapidly acquire lexico-semantic processing in the L2 after only 14 hours of instruction. L2 leaners of French were given a lexical decision task on semantically primed French pairs. ERPs were recorded during the lexical decision to characterize the presence (or absence) of an N400, an index of lexico-semantic processing. L2 learners indeed had N400 effects after only 14 hours of instruction despite not showing behavioral sensiti
	  Another area that has garnered much attention in bilingual brain research is that of language control. Many studies have reported greater activation for language control regions, such as the left caudate and anterior cingulate gyrus, during bilingual language processing (Abutalebi & Green, 2008; Green & Abutalebi, 2013). This effect is often attributed to the need for unimodal bilinguals to control two languages within the same modality (Green, 1998). However, recent behavioral data has not been able to s
	languages utilizing two different sensorimotor systems and therefore eliminating the necessity to compete during production – individuals can speak and sign simultaneously (Emmorey, Luk, Pyers, & Bialystok, 2008). As such, it has been hypothesized that bimodal bilinguals may not require greater cognitive control when processing language. However, a recent study has found contrasting neurobiological evidence, showing increased grey matter volume in the left caudate head for bimodal bilinguals (Zou et al., 20
	 As indicated above, the current study has two over-arching aims. One aim was to characterize the processing of ASL signs in hearing late L2 learners of ASL. Specifically, whether or not sign language processing moves from a general modality-specific stage of processing (e.g., visual, spatial, and motoric) to a more modality-independent linguistic processing stage (i.e., phonological and lexical) was investigated. That is, given that late L2 learners of ASL have an established spoken language linguistic sys
	systems were acquired simultaneously. Additionally, the present study was interested in the time course of these neural changes due to learning a sign language. Given that previous studies have shown rapid neural changes related to L2 instruction (McLaughlin et al., 2004) and similar lexico-semantic processing early in L2 sign language acquisition (Leonard et al., 2013), we are also interested in whether and to what extent L2 acquisition is modality-independent. The second aim was to determine whether langu
	These questions motivated a longitudinal design in which naïve L2 ASL learners were followed starting before significant sign language exposure through 10 months of learning (two academic semesters).  They were assessed three times: before exposure, after one semester of exposure and at the end of a second semester. The few longitudinal L2 neuroimaging studies that have been performed have only included two time points and have studied unimodal bilinguals (e.g., Stein et al., 2009). To our knowledge, this i
	Following the aims outlined above, the present study makes the following predictions across the three time points: 
	1. If hearing late learners of sign language require modality-specific neural mechanisms for sign language processing, then there will be mostly activation in visual (e.g., calcarine sulcus, right inferior temporal sulcus) and motor (e.g., supplemental motor area) regions in response to ASL signs before any exposure to sign language (i.e., T0). 
	2. If hearing late learners of sign language acquire prerequisite modality-specific processing at early stages of acquisition and linguistic processing follows, then there will be greater phonological (e.g., left superior marginal gyrus) and lexico-semantic (e.g., left inferior frontal gyrus) activation seen at subsequent time points (i.e., T1 & T2) compared to the first timepoint. 
	3. Additionally, if hearing late learners of sign language show lexico-semantic processing, then it is expected to see greater activation of regions involved in language control and inhibition (e.g., caudate and anterior cingulate cortex) at the same time point as? during? linguistic processing (i.e., T2), given that learners must resolve competition between lexical words and signs in their languages.  
	 
	Methods 
	Participants 
	Twelve (male = 5) hearing English-speaking college students participated in this study. These 12 learners come from a larger study that examined phonetic processing by naive monolinguals, which was T0 in this study (Williams, Darcy, & Newman, 2015). The 12 subjects selected for this study were those students who volunteered to return for two subsequent experimental sessions, providing a full data set to examine longitudinal change in ASL processing. All learners were right-handed according to the Edinburg H
	At pre-exposure (T0), the learners had a mean age of 20 (1.7). Learners were recruited during their first week of Beginning ASL I enrollment. On average they had 1.06 (range = 0 – 5, SD = 1.49) hours of instruction. According to course instructors, the instruction in the first week of classes included introduction to the course, the target language and culture, but little linguistic instruction. Furthermore, most to all instruction was conducted in English during the first week. That is, these learners had 
	learners had an average of 44.12 (1.00) hours of instruction at T1 and 89.5 (1.95) hours of instruction at T2. 
	 
	Proficiency Tests 
	Learners rated their language proficiency and took an ASL vocabulary test at all three time points. The learners rated their proficiency in both English and ASL on a scale from 1 to 7 (1 =  “Almost None,” 2 =  “Very Poor,” 3 =  “Fair,” 4 =  “Functional,” 5 =  “Good,” 6 =  “Very Good,” 7 =  “Like Native”) for their understanding and fluency abilities. Self-ratings were also collected because previous studies have shown that self-ratings often correlate with measured language proficiency (MacIntyre, Noels, an
	Learners also took a vocabulary test to obtain a gross measure of their proficiency gains over time. A vocabulary test was selected because the following fMRI task only tested lexical processing. Additionally, grammatical knowledge in these early learners would not be well established relative to their lexical knowledge. The test was constructed by taking all of the signs (minus duplicates) from the current ASL textbooks across all 4 semesters of ASL (Smith et al., 1988a, 1988b, 2008). During the vocabulary
	would be accepted for BATHROOM). A total score correct out of 142 was used as the learners proficiency score.  
	 
	fMRI Task 
	The experimental design was the same as described in a previous study (Williams et al., 2015). The learners performed a phoneme categorization task at three different time points (T0, T1, and T2). There were 30 trials; the total duration was approximately 9 minutes. Learners viewed a native signer signing words with the speaker’s full face and torso shown in front of a blue-gray backdrop. All stimuli were high frequency monomorphemic signs from various word classes. Signs were split into two groups: signs w
	knowledge, which is most important for performance at baseline (T0). Additionally, this task allowed us to examine the automatic language processing that was expected to occur as the participants became more familiar with ASL.  
	The functional task was presented in an event-related design. For each trial a 500-millisecond fixation point was presented before the video appeared. Each stimulus video varied in duration (M = 1593.33, SD = 2.53 ms) and was followed by a jittered interstimulus interval (ISI range = 4000 – 8000, M = 6000 ms). Learners were told to press the right index finger for signs that were produced on the face, and to press the left index finger for signs that were produced on the body. They were instructed to make t
	 
	Imaging Parameters 
	Learners underwent 2 scans at each time point (for a total of 6 scans) using a 32-channel head coil and a Siemens 3 Tesla TIM Trio MRI scanner. The first scan was an anatomical T1-weighted scan used to co-register functional images. An MPRAGE sequence (160 sagittal slices; FOV = 256 mm, matrix = 256x256, TR = 2300 ms, TE = 2.91 ms, TI = 900 ms, flip angle = 9°, slice thickness = 1 mm, resulting in 1-mm × 1-mm × 1-mm voxels) was used. The other scan at each time point was the 
	functional multiband EPI scans for experimental trials (58 axial slices using the following protocol: field of view = 220 mm, matrix = 128x128, iPAT factor = 2, TR = 2000 ms, TE = 30 ms, flip angle = 60°, slice thickness = 2 mm, 0 gap). 
	 
	Data analysis 
	Functional images were analyzed using SPM8 (Wellcome Imaging Department, University College, London, UK, freely available at http://fil.ion.ucl.ac.uk/spm). During preprocessing images were corrected for slice acquisition timing, and resampled to 2 x 2 x 2 mm3 isovoxels, spatially smoothed with a Gaussian filter with a 4 mm kernel. All data were high-pass filtered at 1/128 Hz to remove low-frequency signals (e.g., linear drifts). Motion correction was performed and motion parameters incorporated into the des
	were entered into AFNI’s AlphaSim program. With a voxel-wise p < 0.01, clusters greater than 62 voxels were considered significant at a corrected alpha = 0.05. 
	 
	Results 
	Proficiency Results 
	At pre-exposure before any ASL exposure, the learners rated their proficiency average scores across both categories were 7 (0) for English and 1.21 (0.37) for ASL. ASL students’ vocabulary knowledge ranged from 0 to 15 (M = 8.08, SD = 3.3) words. Overall, these finding suggest that at pre-exposure (T0), the learners were beginner or naïve ASL learners. 
	After one semester (approximately 13 weeks later), the learners were brought back for their first post-exposure scan (T1). They rated their ASL ability as a 3.12 (0.82) and their English ability as 7 (0). Course grades were also recorded. Learners had an average of 90.87% (4.26) in their ASL course. Their vocabulary score ranged from 30 – 60 (M = 44.06; SD = 9.5) words. These results show increased ASL knowledge [vocabulary: t(11) = 14.61, p < 0.0001] and proficiency [rating: t(11) = 6.37, p < 0.001] at T1 
	After a second semester of ASL training, the learners were brought back for their second post-exposure scan (T2). Learners rated their ASL ability as a 3.92 (0.63). At T2, learners had an average of 91.7% (4.64) in their ASL course. Their vocabulary score ranged from 39 – 66 (M = 55.83; 
	SD = 9.2) words. These results show increased ASL knowledge [vocabulary: t(11) = 5.03, p < 0.001] and proficiency [rating: t(11) = 3.58 , p < 0.001] at T2 relative to T1. 
	 
	Behavioral Results 
	 Reaction times were filtered for outliers that were above or below 2 standard deviations from the mean for each subject (1.7%). Reaction times on correct trials were analyzed using a repeated measures analysis of variance (ANOVA) with time (T0, T1, T2) as the factor. Results showed that there was no significant difference across the time points in reaction times for making phoneme categorization [F(2,22) = 1.433, p = 0.260, eta-squared = 0.115; T0 = 1827 (114) ms; T1 = 1987 (134) ms; T2 = 1802 (134) ms]. A
	 
	Neuroimaging Results 
	 
	Figure 1. Activation to ASL signs for all three time points: pre-exposure (T0), first post-exposure scan (T1) after 44 hours of instruction, and second post-exposure scan (T2) after 89 hours of instruction.  
	 
	Table 1 Brain regions activated at each time point (p-corrected < 0.05; kmin = 62) 
	Table 1 Brain regions activated at each time point (p-corrected < 0.05; kmin = 62) 
	Table 1 Brain regions activated at each time point (p-corrected < 0.05; kmin = 62) 
	Table 1 Brain regions activated at each time point (p-corrected < 0.05; kmin = 62) 


	Cerebral regions (Brodmann Area) 
	Cerebral regions (Brodmann Area) 
	Cerebral regions (Brodmann Area) 

	Voxels 
	Voxels 

	MNI coordinates 
	MNI coordinates 

	Span

	TR
	x 
	x 

	y 
	y 

	z 
	z 


	T0 
	T0 
	T0 

	Span

	R cuneus (BA 18) 
	R cuneus (BA 18) 
	R cuneus (BA 18) 

	726 
	726 

	32 
	32 

	-78 
	-78 

	4 
	4 

	Span

	R supplementary motor area 
	R supplementary motor area 
	R supplementary motor area 

	229 
	229 

	12 
	12 

	-2 
	-2 

	60 
	60 


	L superior parietal lobule 
	L superior parietal lobule 
	L superior parietal lobule 

	191 
	191 

	-32 
	-32 

	-72 
	-72 

	48 
	48 


	L inferior frontal gyrus/pars triangularis 
	L inferior frontal gyrus/pars triangularis 
	L inferior frontal gyrus/pars triangularis 

	143 
	143 

	-50 
	-50 

	34 
	34 

	16 
	16 


	L middle frontal gyrus (BA 6) 
	L middle frontal gyrus (BA 6) 
	L middle frontal gyrus (BA 6) 

	97 
	97 

	-34 
	-34 

	-4 
	-4 

	58 
	58 


	L calcarine sulcus 
	L calcarine sulcus 
	L calcarine sulcus 

	77 
	77 

	-4 
	-4 

	-102 
	-102 

	-8 
	-8 


	L posterior cingulate gyrus 
	L posterior cingulate gyrus 
	L posterior cingulate gyrus 

	73 
	73 

	-4 
	-4 

	-28 
	-28 

	38 
	38 


	L middle temporal gyrus 
	L middle temporal gyrus 
	L middle temporal gyrus 

	70 
	70 

	-56 
	-56 

	-38 
	-38 

	-2 
	-2 


	R middle frontal gyrus 
	R middle frontal gyrus 
	R middle frontal gyrus 

	66 
	66 

	32 
	32 

	0 
	0 

	56 
	56 


	R posterior cerebellar lobe (vermis) 
	R posterior cerebellar lobe (vermis) 
	R posterior cerebellar lobe (vermis) 

	62 
	62 

	2 
	2 

	-70 
	-70 

	-30 
	-30 


	T1 
	T1 
	T1 

	Span

	L middle occipital gyrus (BA 37) 
	L middle occipital gyrus (BA 37) 
	L middle occipital gyrus (BA 37) 

	8506 
	8506 

	-54 
	-54 

	-72 
	-72 

	0 
	0 

	Span

	L anterior cerebellar lobe 
	L anterior cerebellar lobe 
	L anterior cerebellar lobe 

	8506 
	8506 

	-32 
	-32 

	-48 
	-48 

	-34 
	-34 



	R putamen 
	R putamen 
	R putamen 
	R putamen 

	5133 
	5133 

	30 
	30 

	-14 
	-14 

	2 
	2 


	L inferior parietal lobule 
	L inferior parietal lobule 
	L inferior parietal lobule 

	3372 
	3372 

	-48 
	-48 

	-38 
	-38 

	48 
	48 


	L cingulate gyrus (BA 24) 
	L cingulate gyrus (BA 24) 
	L cingulate gyrus (BA 24) 

	1790 
	1790 

	-2 
	-2 

	-4 
	-4 

	48 
	48 


	R middle temporal gyrus 
	R middle temporal gyrus 
	R middle temporal gyrus 

	1309 
	1309 

	58 
	58 

	-66 
	-66 

	2 
	2 


	L caudate 
	L caudate 
	L caudate 

	453 
	453 

	-4 
	-4 

	12 
	12 

	2 
	2 


	L putamen 
	L putamen 
	L putamen 

	453 
	453 

	-28 
	-28 

	2 
	2 

	-4 
	-4 


	R posterior cingulate gyrus 
	R posterior cingulate gyrus 
	R posterior cingulate gyrus 

	241 
	241 

	4 
	4 

	-34 
	-34 

	26 
	26 


	L postcentral gyrus (BA 4) 
	L postcentral gyrus (BA 4) 
	L postcentral gyrus (BA 4) 

	203 
	203 

	-20 
	-20 

	-28 
	-28 

	68 
	68 


	L medial dorsal nucleus 
	L medial dorsal nucleus 
	L medial dorsal nucleus 

	125 
	125 

	-8 
	-8 

	-16 
	-16 

	10 
	10 


	R culmen 
	R culmen 
	R culmen 

	112 
	112 

	36 
	36 

	-56 
	-56 

	-30 
	-30 


	R inferior frontal gyrus (BA 46) 
	R inferior frontal gyrus (BA 46) 
	R inferior frontal gyrus (BA 46) 

	69 
	69 

	50 
	50 

	44 
	44 

	16 
	16 


	T2 
	T2 
	T2 

	Span

	L cuneus 
	L cuneus 
	L cuneus 

	27669 
	27669 

	-8 
	-8 

	-82 
	-82 

	18 
	18 

	Span

	L insula 
	L insula 
	L insula 

	2592 
	2592 

	-40 
	-40 

	-2 
	-2 

	10 
	10 


	L middle frontal gyrus 
	L middle frontal gyrus 
	L middle frontal gyrus 

	637 
	637 

	-42 
	-42 

	44 
	44 

	14 
	14 


	R ventral lateral nucleus 
	R ventral lateral nucleus 
	R ventral lateral nucleus 

	487 
	487 

	16 
	16 

	-14 
	-14 

	16 
	16 


	L caudate 
	L caudate 
	L caudate 

	336 
	336 

	-8 
	-8 

	8 
	8 

	14 
	14 


	L cingulate gyrus 
	L cingulate gyrus 
	L cingulate gyrus 

	227 
	227 

	-2 
	-2 

	-32 
	-32 

	34 
	34 


	R superior frontal gyrus 
	R superior frontal gyrus 
	R superior frontal gyrus 

	213 
	213 

	28 
	28 

	56 
	56 

	2 
	2 


	L middle temporal gyrus 
	L middle temporal gyrus 
	L middle temporal gyrus 

	199 
	199 

	-54 
	-54 

	-30 
	-30 

	-6 
	-6 


	L pulvinar 
	L pulvinar 
	L pulvinar 

	139 
	139 

	-16 
	-16 

	-24 
	-24 

	6 
	6 


	R postcentral gyrus 
	R postcentral gyrus 
	R postcentral gyrus 

	118 
	118 

	22 
	22 

	-30 
	-30 

	78 
	78 


	L paracentral lobule 
	L paracentral lobule 
	L paracentral lobule 

	71 
	71 

	-14 
	-14 

	-42 
	-42 

	66 
	66 



	 
	 
	 Activation to ASL signs relative to a fixation baseline for each time point can be found in both Figure 1 and Table 1. There was relatively little activation seen for ASL signs relative to fixation at pre-exposure (T0). There was activation in modality-specific areas, such as visual, motor, and spatial processing areas. Activation was seen in visual areas within the occipital lobe, including right cuneus and left calcarine sulcus. The right supplementary motor area was activated during ASL processing. Acti
	prefrontal cortex was activated during ASL processing, such as left inferior frontal gyrus (pars triangularis), and bilateral middle frontal gyrus. 
	 There was much more activation present in response to ASL signs at the first post-exposure scan (T1). These areas still included modality-specific processing areas, such a left middle occipital gyrus and left inferior parietal lobule for visual processing. However, there was abundant activation of sub-cortical regions, including bilateral putamen, left caudate, and left medial dorsal nucleus of the thalamus. There was additional cingulate activation in both posterior and middle portions. Right recruitment 
	 Similar activation was found at the second post-exposure scan (T2) as in T1. These areas included left cuneus, left caudate, left middle temporal gyrus, left cingulate, and right postcentral gyrus. However, there was additional language-related temporal and prefrontal regions, including left insula, middle frontal gyrus, and inferior frontal gyrus. Additional sub-cortical regions were recruited during ASL processing such as the left pulvinar and right ventral lateral nucleus of the thalamus. 
	 To further explore the effect of ASL exposure a contrast analysis was performed to directly compare each time point. Using paired t-tests, the following time points were compared: T2 > T1, T2 > T0, T1 > T0, T0 > T2, T0 > T1, and T1 > T2 (see Figure 2 and Table 2 for results).  
	 
	Figure 2. Three contrasts using paired t-tests across the time points at the same corrected p < 0.05 at k = 62. 
	 
	Table 2 Conjunction analyses (p-corrected < 0.05; kmin = 62) 
	Table 2 Conjunction analyses (p-corrected < 0.05; kmin = 62) 
	Table 2 Conjunction analyses (p-corrected < 0.05; kmin = 62) 
	Table 2 Conjunction analyses (p-corrected < 0.05; kmin = 62) 


	Cerebral regions (Brodmann Area) 
	Cerebral regions (Brodmann Area) 
	Cerebral regions (Brodmann Area) 

	Voxels 
	Voxels 

	MNI coordinates 
	MNI coordinates 

	Span

	TR
	x 
	x 

	y 
	y 

	z 
	z 


	T2 > T1 
	T2 > T1 
	T2 > T1 

	Span

	L inferior frontal gyrus (BA 45/47) 
	L inferior frontal gyrus (BA 45/47) 
	L inferior frontal gyrus (BA 45/47) 

	134 
	134 

	-48 
	-48 

	38 
	38 

	-2 
	-2 

	Span

	L middle orbital gyrus (BA 10)  
	L middle orbital gyrus (BA 10)  
	L middle orbital gyrus (BA 10)  

	115 
	115 

	-34 
	-34 

	50 
	50 

	-2 
	-2 


	T2 > T0 
	T2 > T0 
	T2 > T0 

	Span

	L supramarginal gyrus (BA 40) 
	L supramarginal gyrus (BA 40) 
	L supramarginal gyrus (BA 40) 

	224 
	224 

	-58 
	-58 

	-16 
	-16 

	32 
	32 

	Span

	R supramarginal gyrus (BA 40) 
	R supramarginal gyrus (BA 40) 
	R supramarginal gyrus (BA 40) 

	119 
	119 

	54 
	54 

	-24 
	-24 

	30 
	30 


	L insula/rolandic operculum (BA 13) 
	L insula/rolandic operculum (BA 13) 
	L insula/rolandic operculum (BA 13) 

	73 
	73 

	-42 
	-42 

	-4 
	-4 

	10 
	10 


	L lingual gyrus 
	L lingual gyrus 
	L lingual gyrus 

	129 
	129 

	-12 
	-12 

	-70 
	-70 

	-8 
	-8 


	R inferior frontal gyrus/pars opercularis (BA 44) 
	R inferior frontal gyrus/pars opercularis (BA 44) 
	R inferior frontal gyrus/pars opercularis (BA 44) 

	74 
	74 

	56 
	56 

	10 
	10 

	14 
	14 


	R inferior frontal gyrus (BA 47) 
	R inferior frontal gyrus (BA 47) 
	R inferior frontal gyrus (BA 47) 

	82 
	82 

	38 
	38 

	16 
	16 

	-20 
	-20 


	T1 > T0 
	T1 > T0 
	T1 > T0 

	Span

	R supramarginal gyrus (BA 40) 
	R supramarginal gyrus (BA 40) 
	R supramarginal gyrus (BA 40) 

	268 
	268 

	56 
	56 

	-26 
	-26 

	34 
	34 

	Span

	L supramarginal gyrus (BA 40) 
	L supramarginal gyrus (BA 40) 
	L supramarginal gyrus (BA 40) 

	318 
	318 

	-60 
	-60 

	-26 
	-26 

	28 
	28 


	R parahippocampal gyrus 
	R parahippocampal gyrus 
	R parahippocampal gyrus 

	112 
	112 

	36 
	36 

	-2 
	-2 

	-12 
	-12 


	R putamen 
	R putamen 
	R putamen 

	62 
	62 

	32 
	32 

	2 
	2 

	4 
	4 


	R inferior temporal sulcus (BA 19) 
	R inferior temporal sulcus (BA 19) 
	R inferior temporal sulcus (BA 19) 

	89 
	89 

	56 
	56 

	-66 
	-66 

	-6 
	-6 



	R inferior frontal gyrus/pars opercularis (BA 44) 
	R inferior frontal gyrus/pars opercularis (BA 44) 
	R inferior frontal gyrus/pars opercularis (BA 44) 
	R inferior frontal gyrus/pars opercularis (BA 44) 

	86 
	86 

	54 
	54 

	8 
	8 

	14 
	14 


	T0 > T2 
	T0 > T2 
	T0 > T2 

	Span

	L supplementary motor area (BA 6) 
	L supplementary motor area (BA 6) 
	L supplementary motor area (BA 6) 

	65 
	65 

	-8 
	-8 

	2 
	2 

	62 
	62 

	Span

	T0 > T1 
	T0 > T1 
	T0 > T1 

	Span

	L supplementary motor area (BA 6) 
	L supplementary motor area (BA 6) 
	L supplementary motor area (BA 6) 

	91 
	91 

	-6 
	-6 

	2 
	2 

	62 
	62 

	Span


	 
	 The first post-exposure scan revealed more activation in the inferior temporal sulcus, inferior frontal gyrus, putamen, and parahippocampal gyrus relative to pre-exposure (T1 > T0). These regions were located to the right hemisphere, typical of low-proficiency bilingual language processing (Perani et al., 1998). There was also bilateral supramarginal gyrus activation found for T1 > T0.  Similar results were found for the contrast between the second post-exposure scan (T2) and T0. However, there was additio
	There were no regions found to show increased activation for T1 compared to T2. For both the T0 > T1 and T0 > T2 contrasts, the only significant difference was in the left supplementary motor area (BA 6). 
	 To qualitatively characterize hemispheric recruitment and lateralization across the three time points, the number of voxels that were significantly activated in each hemisphere used to calculate a lateralization index (i.e., (L-R)/[(L+R)/2]; see Emmorey et al., 2003). A negative number indicates more voxels were activated in the right hemisphere relative to the left. A positive number is converse, where more activation in the left hemisphere than the right. The lateralization index at the group-level was -
	0.498, 1.21, and 1.89 for T0, T1, and T2, respectively. This result indicates a general qualitative left-lateralization with increased language exposure.  
	 
	Discussion 
	 The goal of the present study was to characterize the neural processing of sign language during second language acquisition by hearing adults. By studying hearing adults acquiring sign language as a second language, the functional changes that occur during the acquisition of a language that is perceived and produced in another sensorimotor modality was directly tested. A second goal of the present study was to investigate these changes as a function of time by studying within-subject changes using a longit
	 
	T0 activation 
	 Activation at pre-exposure, before any significant sign language exposure, was sparse. Reduced activation while processing ASL signs can be attributed to the learners’ lack of awareness of their linguistic properties. As such, learners likely processed the stimuli by focusing only on the visual-motor properties, which explains the increased activation in modality-specific processing areas. The posterior visual sensory activation was found in the calcarine sulcus, cuneus, as well as the posterior cingulate 
	general motion and event processing of linguistic sign language stimuli at pre-exposure. 
	In addition to visual activation other modality-specific activation was found in the supplementary motor area (SMA) and superior parietal lobule. The SMA has been shown to not only be involved in the production of language, but also in the perception of human actions (Decety & Grezes, 1999; Grezes, Costes, & Decety, 1998). The superior parietal lobule (SPL) has been associated with spatial-motor behavior (Grafton et al., 1996; Grefkes et al., 2004) and multisensory integration (Molholm et al., 2006). Additi
	Other pre-exposure activation could be attributed to lack of prior sign language knowledge. Activation in the left inferior frontal gyrus may be due to hierarchical sequence processing (Clerget, Winderickz, Fadiga, & Oliver, 2009; Dominey et al., 2003; Fazio et al., 2010).  The task of determining whether the sign was produced on the face requires the participant to segment a sequence of movements and categorize parts of that sequence.  This is analogous to phonemic segmentation tasks that have been shown t
	Blumstein, 2000, Newman et al., 2001; Zatorre, Evens, Meyer, & Gjedde, 1992; Zatorre, Meyere, Gjedde, & Evens, 1996) and sign languages (Williams, Darcy, & Newman, 2015). A previous study examining differences in sign language and non-linguistic action processing in hearing nonsigners showed left IFG and ventral premotor activation, which was also attributed to the mirror neuron system and human action processing (Corina et al., 2007). As such, similar activation in the present study at pre-exposure (T0) ma
	Activation in the posterior middle temporal gyrus could also be due to the learners’ lack of vocabulary knowledge, given that pseudowords have been shown to activate the pMTG (Davis & Gaskell, 2009; Price, 2010). Additionally, degraded low-cloze speech activates bilateral posterior middle temporal gyrus (Obleser & Kotz, 2010). However, it is probable that activation in left middle temporal gyrus may be attributed to biological motion processing (in addition to the cuneus and posterior cingulate as indicated
	It should be noted that the above activation found for T0 in these 12 learners was largely the same as that found for a larger group of naïve monolinguals presented in Williams et al. (2015). Activation in the left 
	prefrontal cortex, bilateral parietal lobes, and visual cortex were the same across both studies. However, there was additional activation in the posterior temporal lobe in the present study. Additional posterior temporal activation may be simply due to individual differences within the subgroup of 12 learners in this study that may have been washed out in the larger group of learners in Williams et al. Nevertheless, largely consistent findings in larger clusters signify that the subset of learners in the p
	 
	T1 activation 
	 After one semester of ASL training there was increased activation in several brain regions in response to ASL. There was still persistent modality-specific activation seen in regions such as the left middle occipital gyrus and right posterior cingulate gyrus. There was also significant cerebellar activation in both the left anterior lobe and the right culmen, which are involved in motor planning, articulatory processes, and language processing (Desmond & Fiez, 1998; Nitscheke, Kleinschmidt, Wessel, & Frahm
	for that of hand processing. Acquisition of hand processing is often protracted for second language learners of ASL insofar as they often focus on the hands more than native signers, especially at lower proficiency levels (Morford & Carlson, 2011).  
	 When examining the contrast between the first post-exposure scan and pre-exposure (T1 > T0), there was also greater bilateral supramarginal gyrus activation. The presence of bilateral supramarginal activation is consonant with greater phonological processing (Hartwigsen et al., 2010; Sliwinska et al., 2012; Stoeckel et al., 2009). Hartwigsen et al. (2010) demonstrated disruption to phonological judgments when transcranial magnetic stimulation was applied over the left supramarginal gyrus. This is consisten
	The putamen was also activated at T1. The putamen is functionally connected to the left IFG and subcortical regions provide cortical initiation of phonological representations (Booth, Wood, Lu, Houk, & Bitan, 2007). Greater phonological processing, as implicated by supramarginal gyrus activation in addition to greater hand processing, as implicated by cerebellar, putaminal, and inferior temporal sulcus activation, indicate that by the end of the first semester learners have transitioned into being able to p
	after one semester of input is that the learner transitions from a more general motion processing strategy to a more phonologically-based strategy.  
	 
	T2 activation 
	 After the second semester (T2), there was greater language-related activation, especially in the left insula and left IFG. The subregion of the left inferior frontal gyrus active at T2 is involved in word retrieval and lexico-semantic processing (Heim, Eickhoff, & Amunts, 2009; Price, 2010; Thompson-Schill, D’Esposito, Aguirre, & Farah, 1997). The left insula has also been implicated in language processing including word finding, language comprehension, and articulation (Ardila, Benson, & Flynn, 2007). Inc
	  Although learners showed neural activation patterns suggestive of more thorough sign processing and phonological processing at T2, they did not show more accurate or faster performance on the behavioral task. One might expect that enhanced L2 proficiency would positively impact phoneme categorization. However, there may be several reasons for this null effect. First, it is likely that having only 12 learners did not provide enough power for behavioral differences to arise across time. Second, given that t
	 
	Right hemisphere recruitment 
	 During acquisition, typical right hemisphere recruitment with a trend towards left lateralization was found. Greater right hemisphere recruitment starting at T1 and persisting to T2 is consonant with previous work on unimodal bilingual language acquisition. Bilinguals may have greater right hemisphere activation relative to monolinguals (Perani et al., 1998). 
	However, activation during language processing often converges to a left-lateralized language network with increased proficiency (Abutalebi & Green, 2007). Thus, it is somewhat unsurprising to find similar left-lateralization for these learners over time, where there was greater recruitment of the right hemisphere at T0 than T1 or T2. However, ASL learners still had right-hemisphere activation at later time points, which is similar to native signers (Neville et al., 1998; Bavelier et al., 1998). However, it
	 
	Language control 
	Another area in which there is debate about learners of sign language is their ability to control both languages. A previous study showed that there is no bilingual advantage for native bimodal bilinguals in their ability to inhibit a prepotent response, which was argued to be due to divergence between the language modalities (Emmorey, Luk, Pyers, & 
	Bialystok, 2008). However, recent neural findings point to the need for language control in speech-sign bimodal bilinguals. Zou et al. (2012) found that bimodal bilinguals had greater grey matter volume in the left caudate nucleus, a region known for its involvement in language control (for review, see Abutalebi & Green, 2008). The authors argued that bimodal bilinguals indeed need inhibitory control to navigate between their two languages, regardless of modality differences. The present study extends these
	An alternative explanation for the involvement of the caudate and the anterior cingulate is that their activation may also be indicative of less automatic language processing (Friederici, 2006). Given that these learners were in very early stages of L2 acquisition sign language processing may be less automatic, more effortful and error prone.  As such learners may be expected to require more controlled processing from the left caudate that is unrelated to managing two languages. Nevertheless, it could be ar
	 
	Limitations 
	 The method in our current study was able to tap into both spatial and linguistic processing regardless of the learners’ knowledge of sign language. However, the present method did not have a non-linguistic spatial baseline to ensure that neural changes across time were due to sign language knowledge and not spatial attention. It has been shown previously that there is a dorsal frontoparietal network that is engaged 
	during spatial attention (Corbetta & Shulman, 2002). Many of the regions that showed increased activation at T1 and T2 compared to baseline (T0) belong to this frontoparietal network. Thus, it may be the case that the activation seen in the parietal and temporal lobes at T1 and T2 are not solely due to linguistic knowledge, but rather enhanced spatial attention processing. Although we cannot fully rule out this possibility, the present findings are impactful nonetheless for a number of reasons. First, given
	sign language acquisition would be a further indication that learners are learning to process linguistic stimuli more robustly. 
	 
	Conclusion 
	 The present study tracked activation pattern differences in response to sign language processing by late learners of American Sign Language. Learners were scanned before the start of their language courses and twice more during their first two semesters (10 months) of instruction. The study aimed to characterize modality-specific to modality-general processing throughout the acquisition of sign language. Neural substrates related to modality-specific processing (e.g., visual and action processing) were pre
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Chapter 3: Poor Language Outcomes 
	 
	This chapter is currently under review, but the formatting has been slightly modified for the purposes of this dissertation: 
	 
	Williams, J.T., Darcy, I., Newman, S.D. (in review). Poor M2L2 sign language vocabulary knowledge engages modality-independent lexico-semantic and modality-dependent hand and movement neural processing. Bilingualism Language and Cognition. 
	 
	Introduction 
	 Many recent studies have explored how adults acquire a second language (for review see Kroll et al., 2015). These studies typically include hearing adult learning whose first language is a spoken language and are subsequently acquiring another spoken language. In comparison, relatively fewer studies have investigated individuals who have one spoken language and one sign language (i.e., bimodal bilinguals or M2L2 learners). Furthermore, the study of the bimodal bilingual brain has been mostly restricted to 
	 There have been several previous neuroimaging studies that have investigated the neural substrates of L2 vocabulary processing as well as functional and structural changes due to increasing proficiency (Grant, Fang, & Li, 2015; Perani & Abutalebi, 2005; Saidi et al., 2013; Stein et al., 2006, 2012). For instance, bilinguals demonstrate prefrontal engagement during L2 lexico-semantic processing, which diminishes with increased L2 
	proficiency (Grant et al., 2015). Similar structural plasticity has been observed in left prefrontal areas (e.g., inferior frontal gyrus, IFG), such that higher proficiency learners have greater grey matter volume in the left IFG than low proficiency learners. Decreased functional activity and increased grey matter volume are thought to represent enhanced automaticity of lexico-semantic processing, which is a function of proficiency (Grant et al., 2015; Ishikawa & Wei, 2009; Stein et al., 2012). Also, there
	 The study of second language acquisition of sign language in adulthood is important to both our understanding of neuroplasticity and second language theory. Sign languages differ substantially from spoken languages in their primary articulators. Sign languages rely on arbitrary manual-visual phonetic codes to convey messages. Additionally, sign languages exploit the use of spatial dependencies for grammatical and discourse purposes (Sandler & Lillo-Martin, 2006). The phonology of sign languages, as such, i
	et al., 2016; Brentari, 1998). Therefore, tracking of hands through space is important for the lexico-semantic processing of sign languages. Given that bimodal bilinguals and M2L2 learners are hearing adults who have experience with both spoken language (oral-auditory modality) and sign language (manual-visual modality), it is of prime interest to understand both the modality-specific and amodal aspects of language acquisition and neuroplasticity.  
	Studies on simultaneous bimodal bilingualism have delineated differences and similarities in speech and sign processing. Bimodal bilinguals (who acquired their two languages simultaneously) show greater activation in the bilateral parietal cortex and bilateral occipitotemporal cortex during single sign comprehension (Emmorey et al., 2014; Söderfeldt et al., 1997). These areas are thought to be unique to the processing of sign languages, and have been activated by spatial classifiers and verbs in American Si
	processing with time (see Williams, Darcy, & Newman, 2016). Additionally, there is behavioral evidence that late M2L2 learners of sign language often have difficulty acquiring the visual-manual characteristics of the target sign language. Specifically, not only learners have difficulty acquiring sign language movement, but they also show an overreliance on the handshape of the sign (Bochner et al., 2011; Chen Pichler, 2011; Grosvald, Lachaud, & Corina, 2012; Morford et al., 2008; Morford & Carlson, 2011; Ro
	 A previous longitudinal neuroimaging study showed that M2L2 learners of ASL progressed stepwise through stages of lexical processing (Williams, Darcy, & Newman, 2016). Before exposure to sign language the learners processed ASL lexical signs using non-linguistic (or at least phonetic) regions implicated in visuospatial and motor processing, with significant activation in occipital (e.g., calcarine sulcus) and parietal (e.g., superior parietal lobule) lobes. After one semester of exposure, the learners show
	activation in the left inferior frontal gyrus. It is possible that the progression of lexical processing is different for those who are poor learners, which was not investigated in the aforementioned study. It could be posited that poor vocabulary learners perseverate on the modality-specific aspects of sign language (e.g., visuospatial and visuomotoric features), or do not fully automatize such processing routines, which may block or delay successful sign language acquisition. 
	Given the gap in knowledge about M2L2 sign language acquisition, the present study aimed to characterize the neural substrates of vocabulary acquisition and lexical sign processing in hearing M2L2 learners of American Sign Language (ASL) at early stages of acquisition.  Specifically, there were three main aims of the present study:  
	The first aim was to characterize the pattern of vocabulary acquisition across the first year of instruction. Not only has there not been a prior study that has examined the lexical acquisition trajectory of M2L2 learners in foreign language classrooms, which is theoretically motivated, but also it is meaningful from an applied perspective so that we can better understand whether acquisition rates change during certain semesters. The expectation, of course, was that students would acquire new lexical knowle
	Second, since learners have little knowledge of sign language at the start of their L2 instruction, we aimed to characterize how limited vocabulary knowledge affects M2L2 sign language processing. The 
	individual variability in brain response prior to learning may be predictive of future attainment. For example, we hypothesized that students who later have a smaller sign vocabulary process lexical signs as holistic visual objects instead of decomposable linguistic objects which is how we hypothesize that those who later develop a larger sign vocabulary.  This difference in initial processing, again, is expected to be observed in the brain activation patterns and will impact later learning. 
	Our third aim is to how gains in vocabulary knowledge affect neural processing after 10 months of L2 instruction. Specifically, we examined whether the poor vocabulary learners persisted with the holistic processing strategy after one year of instruction, or whether their strategy had shifted. We hypothesized that perhaps continued processing of signs using areas dedicated to biological motion (e.g., temporoparietal and occipitotemporal) and hand (e.g., intraparietal sulcus, putamen) processing would sugges
	By examining these questions, the present study was able to elucidate how vocabulary knowledge affects the neural processing of ASL. 
	Theoretically, it was aimed to corroborate behavioral studies that have characterized deficits in M2L2 acquisition. From a practical perspective, if the neurocognitive profiles of poor vocabulary learners can be identified, which may be indicative of a global sign language deficit, then potential classroom interventions that aim to improve M2L2 acquisition can be developed to address those deficiencies. We aimed to answer these questions using a longitudinal design in two different experiments. First, Exper
	 
	Experiment 1: Behavioral Changes in Vocabulary Acquisition 
	Materials and Methods 
	Participants 
	Thirty-four (male = 10) hearing English-speaking college students participated in Experiment 1. All participants were right-handed according to the Edinburgh Handedness scale (M = 85.6, SD = 19.1). All participants reported English as their first language. The participants in this study were recruited from introductory American Sign Language (ASL) courses at Indiana University. The participants had little to no exposure to ASL (or any other spoken second language) before enrollment in the ASL course. All pa
	At baseline (T0) the 34 participants had a mean age of 20.6 (2.5). Participants were recruited during their first week of Beginning ASL I enrollment. On average they had 1.06 (range = 0 – 5, SD = 1.49) hours of instruction. According to course instructors, the instruction in the first week of classes included introduction to the course, the target language and culture, but little linguistic instruction. Furthermore, most to all instruction was conducted in English during the first week. That is, these parti
	After one semester (approximately 13 weeks later), the participants were brought back. Twenty-five participants (male = 7) returned for their first post-exposure follow-up (T1). On average they had 43.98 (1.12) hours of instruction. They rated their ASL ability as a 3.32 (1.05) and their English ability as 7 (0). Course grades were also recorded and they received an average of 91.12% (4.87) in their ASL course.  
	After a second semester of ASL training, 12 participants (male = 5) returned for their second post-exposure session (T2). On average they had 89.5 (1.95) hours of instruction and rated their ASL ability as a 3.92 (0.63). At T2, participants had an average of 91.7% (4.64) in their second ASL course.  
	 
	Procedure 
	Participants took a vocabulary test to obtain a gross measure of their vocabulary knowledge over time. The test was constructed by taking the signs from the current ASL textbooks across all four semesters of the current ASL curriculum (Smith et al., 1988a, 1988b, 2008). Based on data retrieved from ASL-LEX (Caselli et al., 2016), the signs included in this test were 142 signs total and were relatively high frequency (M = 4.59, SD = 1.16; very frequent = 7, infrequent = 1) and were arbitrary (M = 2.29, SD = 
	required to type in the English translation (or a guess) within five seconds. An automated procedure was used to score their translations for correct answers, including any synonyms (e.g., bathroom or restroom would be accepted for BATHROOM). A total score correct out of 142 was used as the participants proficiency score.  
	 
	 
	Figure 3. Design of speeded vocabulary-translation task.  
	 
	Statistical Approach 
	Two different analysis methods (R software) were used to analyze the changes in vocabulary knowledge across the three time points. Given that there was attrition in the number of subjects over time, the statistical methods needed to account for missing data. A typical analysis of variance would not be appropriate for missing data, or different sample sizes, across each time point. Therefore, two methods that are robust to missing data were used. First, a predictive mean matching method (k = 5) 
	was used, in which missing values from the attrited participants were imputed and accessed using pooled data across multiple regressions (Landerman, Land, & Pieper, 1997). Including T1 was not only advantageous because it improves the imputation approach by contributing more data, but also it provides clearer understanding of vocabulary growth over time. Given some downsides to imputation (see Landerman et al., 1997), a linear mixed-effect model was also performed (Verbeke & Molenberghs, 2009). Both methods
	 
	Results 
	Figure 4 illustrates the average vocabulary score for the ASL learners at each time point. The regression results showing the size of vocabulary increases over time are presented in Table 1. Results from the pooled regressions after missing data was estimated with ten imputations found that the intercept coefficient has a value of 7.03 (SE = 2.11), T1 has a value of 35.9 (SE = 4.78), and T2 has a value of 40.4 (SE = 12.80). This indicates that relative to the baseline, there was a large and significant 
	increase in vocabulary scores at T1 (t = 7.52, p < 0.001), while T2 only further increased the outcome by around five lexical signs (t = 3.16, p < 0.05). T-values were large (greater than 2.0) after both semesters and have p-values less than 0.05, meaning the differences are statistically significant when comparing them to the baseline. Results from the linear mixed-effects model corroborated these findings.  There was a significant increase relative to baseline for both T1 (t = 17.58, p < 0.001) and T2 (t 
	 
	 Figure 4. Mean vocabulary scores at each time point averaged across all subjects.  
	Table 3. Vocabulary scores at each time point 
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	No significant correlation was found between vocabulary growth and T0 gross vocabulary score [r = 0.218, p = 0.496], but there was a significant correlation between vocabulary growth and T2 gross vocabulary score [r = 0.918, p < 0.0001]. Therefore, those who had the largest increases in their score also had the largest T2 vocabulary, but the increase was not dependent on their baseline vocabulary score at T0.  
	 
	Experiment 2: Neural Correlates of M2L2 Vocabulary Acquisition 
	Materials and Methods 
	Subjects 
	 The learners in Experiment 1 also participated in several neuroimaging sessions. However, due to significant amount of attrition, only 12 subjects that attended all three neuroimaging sessions. Thus, Experiment 2 only included these 12 learners in the multiple regression analysis of the BOLD responses to ASL lexical signs. A longitudinal design allows for the change over time in the neuroimaging data to be attributed to the subjects and not to an effect of different number of subjects at each time point or
	 All 12 learners (male = 5) were right-handed according to the Edinburgh Handedness scale (M = 87.5, SD = 19.1) with a mean age of 
	20 (1.7). All participants reported English as their first language. On average they had 1.06 (SD = 1.49), 44.12 (SD = 1.00), and 89.5 (SD = 1.95) hours of instruction at T0, T1, and T2, respectively. These learners self-rated their ASL ability as 1.21 (SD = 0.37), 3.12 (SD = 0.82), and 3.92 (SD = 0.63) at T0, T1, and T2, respectively. The learners also had an average of 90.8% (SD = 4.26) and 91.7% (SD = 4.64) in their ASL course at T1 and T2, respectively. 
	The mean number of vocabulary signs known for this subset of learners was 8.08 (SD = 3.3), 46.06 (SD = 9.5), and 55.8 (SD = 9.2) at T0, T1, and T2, respectively. These values (i.e., age, handedness, hours of exposure, grades, or self-rating) are consistent with the overall sample descriptive statistics thus they suggest that this subset of learners can be treated as a representative sample of the larger L2 ASL learners from Experiment 1. 
	 
	Procedure 
	The impact of vocabulary knowledge on L2 sign language processing was also tracked using functional magnetic resonance imaging (fMRI). The participants performed a short phoneme categorization task with thirty categorization trials in total. The task took about 9 minutes. Participants viewed a native signer signing words with the speaker’s full face and torso shown in front of a blue-gray backdrop. All stimuli (see Appendix) were high frequency monomorphemic signs from various word 
	classes (i.e., nouns, verbs, adjectives; Caselli et al., 2016). Signs were split into two groups: signs with place of articulation (i.e., location) on the head or face and signs with the location on the body, non-dominant hand, or neutral space (i.e., not on the face). Recall that place of articulation (or location) is a sublexical feature of sign language and is considered similar to a phoneme (Baker et al., 2016; Brentari, 1998; Sandler & Lillo-Martin, 2006). As such, this task is in essence a phoneme cla
	The functional task was presented in an event-related design. For each trial a 500-millisecond fixation point was presented before the video appeared. Each stimulus video varied in duration (M = 1593.33, SD = 2.53 ms) and was followed by a jittered interstimulus interval (ISI range = 4000 – 8000, M = 6000 ms). Participants were told to press the right index finger for signs that were produced on the face, and to press the left index finger for signs that were produced on the body. They were instructed to ma
	the ISI, a 30 second fixation was presented at the beginning of the task and was used as a baseline.  
	 
	Imaging Parameters 
	Participants underwent two scans using a 32-channel head coil and a Siemens 3 Tesla TIM Trio MRI scanner. The first scan was an anatomical T1-weighted scan used to co-register functional images. An MPRAGE sequence (160 sagittal slices; FOV = 256 mm, matrix = 256x256, TR = 2300 ms, TE = 2.91 ms, TI = 900 ms, flip angle = 9°, slice thickness = 1 mm, resulting in 1-mm × 1-mm × 1-mm voxels) was used. The remaining scans were the experimental functional multiband EPI scans (59 axial slices using the following pr
	 
	Data analysis 
	Functional images were analyzed using SPM8 (Wellcome Imaging Department, University College, London, UK; freely available at http://fil.ion.ucl.ac.uk/spm). During preprocessing images were corrected for slice acquisition timing, and resampled to 2 mm3 isovoxels, spatially smoothed with a Gaussian filter with a 4 mm3 FWHM kernel. All data were high-pass filtered at 1/128 Hz to remove low-frequency signals (e.g., linear drifts). Six-parameter rigid body motion correction was performed and 
	motion parameters incorporated into the design matrix as nuisance regressors in the General Linear Model (GLM). Each participant’s anatomical scan was aligned and normalized to the standardized SPM8 T1 template and then fMRI data were co-registered to high-resolution anatomical images.  
	At the individual (first) level, statistical analysis was performed using the standard GLM with Gaussian random fields in SPM8. The ASL stimulus onsets and durations were entered as our main regressors in the GLM in order to model the hemodynamic response function with stimulus events (Friston et al., 1995). BOLD signal from a common fixation baseline was subtracted from BOLD related to viewing ASL signs and was used as our estimated contrast. For the second level analysis on group data, multiple regression
	program in order to determine cluster sizes that would be significant given our voxel-wise p-value. Given the results of 5000 Monte Carlo simulations, both positive and negative regressions were performed using a voxel-wise p < 0.005, which was corrected to alpha < 0.05 with a cluster extent threshold of 62 voxels or more1. 
	1 These clusters happened to also pass family-wise error (FWE) p<0.05 cluster correction implemented in SPM8. 
	1 These clusters happened to also pass family-wise error (FWE) p<0.05 cluster correction implemented in SPM8. 

	Since vocabulary score was the main predictor in our multiple regression model, we wanted to make sure that there were no confounding factors, like gender or task performance, that could explain our results. It is possible that task difficulty could explain the results; however, it is only intuitive that there will be a significant correlation between vocabulary score and the learner’s ability to classify sublexical features of sign language. If vocabulary score and task performance are correlated then foll
	Previous studies have also shown that women are better at acquiring second languages than men (van der Slik et al., 2015). Therefore, we also analyzed whether our vocabulary scores differed based on gender using a point-biserial correlation at each time point 
	separately2. If there is a significant correlation with gender, then parameter estimates of the BOLD signal will be extracted from the significant clusters in our whole brain analysis by defining a 5-mm3 sphere at the center-of-mass for each significant cluster using Marsbar, an SPM toolbox (Baker et al., 2002). Parameter estimates will be correlated with vocabulary scores while controlling for gender in an ad-hoc partial correlation. Only the clusters that survive the gender-correction will be considered s
	2 Vocabulary scores were also compared between genders using a Wilcoxon rank-sum test, which corroborated the results from the correlation analysis (T0: Z = -1.8, p = 0.072; T2: Z = -2.2, p = 0.028).  
	2 Vocabulary scores were also compared between genders using a Wilcoxon rank-sum test, which corroborated the results from the correlation analysis (T0: Z = -1.8, p = 0.072; T2: Z = -2.2, p = 0.028).  

	 
	Results 
	Correlations 
	 Task performance on the in-scanner phoneme categorization task was arcsine transformed and correlated with vocabulary score and gender at T0 and T2 separately. The analysis revealed trending or significant correlations between vocabulary score and performance at both T0 (r = 0.563, p = 0.057) and T2 (r = 0.989, p < 0.001). However, there was no significant effect of gender on task performance at either T0 (r = 0.083, p = 0.797) or T2 (r = -0.486, p = 0.055). 
	Point-biserial correlations between T0 vocabulary score and gender showed moderate negative correlation (r = -0.541) that was trending 
	towards significance (p = 0.070), which means that those participants who reported as female tended to have higher vocabulary scores than those who reported as male. Similar correlations between T2 vocabulary and gender revealed a significant negative correlation (r = -0.714, p = 0.009).  
	These results revealed that phoneme categorization and vocabulary knowledge are significant correlated, especially after one year of sign language instruction; however, no correction for task performance will be used since they are adversely collinear and statistically represent the same amount of variability. On the other hand, gender did significantly influence vocabulary scores, where female learners outperformed male learners. As such, activation from significant clusters in our whole-brain multiple lin
	 
	Multiple Linear Regression 
	 
	Figure 5 shows activation negatively correlated with vocabulary scores at baseline (T0) and at the second post-exposure scan (T2). Therefore, activation seen here is representative of increased activation to viewing ASL signs for those with poor vocabulary knowledge.  
	 
	Table 4. Multiple regression analysis (p-corrected < 0.05; k = 62) 
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	Figure 5 shows the increased activation in response to viewing ASL signs that is correlated with poor vocabulary knowledge. Results from the multiple regression analysis indicated a negative correlation such that subjects with lower sign vocabulary knowledge at baseline (T0) had a significant increase in activation in bilateral inferior frontal gyrus, left insula, and left middle frontal gyrus. All of these survived correction for gender differences in vocabulary knowledge. There was also increased activati
	 Results from the multiple regression analysis at T2 showed that there were significant negative correlations in bilateral prefrontal cortex (including superior frontal, middle frontal, and inferior frontal gyri), the right posterior temporoparietal junction (around the superior temporal cortex), the right middle temporal gyrus and the left temporal pole. All of these correlations survived correction for gender except for the right inferior 
	frontal gyrus, only trended towards significance. There were no significant positive correlations with vocabulary score at T2. 
	 
	Discussion 
	  The overall objective of the present longitudinal study was to broadly capture how second language (L2) signed vocabulary knowledge affects neural activation during the processing of ASL. Specifically, there were three main research aims. First, we wanted to characterize vocabulary acquisition over two semesters of instruction. Second, given that these learners had little knowledge of sign language at the start of their L2 instruction, one aim was to characterize how limited vocabulary knowledge affects p
	struggle with visuomotoric properties, namely movement, that impede their ability to acquire sign language.  
	 In order to characterize how very limited knowledge may impact vocabulary acquisition and processing, ASL learners who had relatively little knowledge of ASL at the beginning of L2 instruction were studied. Despite their limited knowledge after a few hours of instructions at T0, these learners varied in their lexicon size, even at T0 (indicate range). It was hypothesized that learners with poor incoming vocabulary knowledge would show greater activation in regions associated with modality-specific visuomot
	 The left anterior insula has been implicated in language processing (Ardila, Benson, & Flynn, 2007). More generally, however, the activation of the left anterior insula may be more indicative of increased difficulty in cross-modal multisensory integration (Allen et al., 2008; Kurth et al., 2010). Allen and colleagues argue that the insula’s connectivity to sensory cortices lends itself to multisensory integration, especially for sign 
	language which requires visual-tactile-vestibular integration. Similarly, co-activation of the frontoinsular cortex and the ACC point to increased salience processing (Seeley et al., 2007; Uddin, 2015), where the insula is thought to be important for interoceptive and viceromotor body processing. The neural signal from frontoinsular cortex flows to the central executive network, including the ACC, which initiates decision-making (Uddin, 2015). High levels of activation in the anterior cingulate and other pr
	Support for poor visuomotor phonetic perception is indicated by the distributed activation in the frontal lobe. The anterior portion of the superior frontal gyrus has been implicated in pseudosign recognition in hearing nonnative signers (Emmorey & Braun, 2011). Additionally, activation in the middle frontal gyrus corresponds to spatial judgements and perspective-taking (Kaiser et al., 2008; Smith et al, 2010) and activation in bilateral inferior frontal gryi are implicated in movement 
	imitation (Corina & Knapp, 2006; Newman-Norlund et al., 2007). Particularly, left IFG has also been implicated in phonological processing of the hand in sign language (Corina, 1999). 
	Together, these findings suggest that sign language learners with poorer vocabulary knowledge, and perhaps less exposure to sign language, require greater activation in regions involved in multimodal integration, salience, visuospatial and motor phonological processing, and decision making. This pattern of activation might be a predictor of M2L2 deficits in vocabulary acquisition later down the line. This predictive power must be tested in future experiments, but we can evaluate its potential validity by ex
	After two semesters of L2 instruction, or about 10 months, there was a significant increase in the learners’ vocabulary scores. Now that learners had more experience with sign language, the study aimed to investigate whether there was a change in the neural substrates recruited for those learners with poor vocabulary knowledge. In fact, the overall pattern of activation was similar at T2 insofar as we observed recruitment of prefrontal and frontal cortex. This means that learners with poor vocabulary scores
	information (Fiez, 1997; Sakai, 2005; Thompson-Schill et al., 1997; Vigneau et al., 2006). Right IFG has also been shown to be activated during word retrieval when more processing is needed, including bilinguals (Blasi et al., 2002; Marian et al., 2003, 2007). Previous studies on L2 vocabulary acquisition have also shown increased grey matter volume in left IFG for high proficiency learners, suggesting more controlled automatic lexical processing (Stein et al., 2012). Increased functional activation was see
	There is a consistent relationship between L2 phonological processing skills and vocabulary acquisition in spoken languages (Bundgaard-Nielsen, Best, Koors, & Tyler, 2012; Bundgaardd-Nielsen, Best, & Tyler, 2011a,b; Darcy, Park, & Yang, 2015). In other words, previous studies have shown that L2 learners’ vocabulary size expands as a function of being able to make phonological contrasts in their L2. Given this relationship, it can be hypothesized that the aforementioned deficits in 
	the M2L2 population might be tied to poor phonological processing, especially given the activation in left IFG. Studies of both spoken and signed language that have shown left IFG is related to phonological processing (Corina et al., 1999; Corina & Knapp, 2006; Emmorey, 2015; Heim et al., 2009; Vigneau et al., 2006; Williams et al., 2015b). For example, Corina and colleagues (1999) found that left inferior frontal areas are important for recognition of bracheomanual articulation of signs. Moreover, Emmorey 
	Right hemispheric recruitment of the cortex surrounding temporoparietal junction has been implicated in hand processing and biological motion (see Puce & Perrett, 2003 for a review). Such an activation pattern may indicate difficulty in acquisition of a visual phonology. Difficulty to acquire visual phonology has been reported several times in L2 learners of sign language (Bochner et al., 2011; Grosvald, Lachaud, & Corina, 2012; Morford et al., 2008; Morford & 
	Carlson, 2011; Chen Pichler, 2011; Rosen, 2012; Schlehofer & Tyler, 2016; Williams & Newman, 2015a, 2016a). Behavioral data has shown that L2 learners of sign language often have more difficulty in processing the handshape and movement phonological parameters relative to other parameters (Bochner et al., 2011; Morford & Carlson, 2011; Williams & Newman, 2015, 2016). Movement is important for sign acquisition because the phonological sequencing of the syllable (i.e., sonority) is directly related to movement
	 Taken together, the results of the present study revealed that second language learners require activation of modality-independent neural substrates for lexico-semantic processing, such as the inferior frontal gyrus and temporal pole. Additionally, the results from the present study indicated that L2 learners of sign language require automatized processing in areas involved in multimodal integration, salience, biological motion processing and motor simulation. This is the first longitudinal 
	neuroimaging study that have investigated modality–independent and –dependent mechanisms for second language acquisition of sign language. Therefore, this study provides additional neural evidence that second language sign language proficiency (via lexical knowledge) rests on the ability to acquire and process visual phonology. It should be noted that the present study was conducted on a small sample of 12 learners, despite their relative representation of a larger group of learners. Future studies will nee
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Chapter 4: Movement Effects on Learning I: Movement Deficits  
	 
	This chapter has been previously published, but the formatting has been slightly modified for the purposes of this dissertation: 
	 
	Williams, J.T., & Newman, S.D. (in press). Phonological substitution errors in L1 ASL sentence processing by hearing M2L2 learners. Second Language Research, 32(3), 347-366.  
	 
	Introduction 
	  Second language learners often have difficulty in perceiving and producing phonological contrasts in their second language (Best & Tyler, 2007; Flege, 1995; MacKain, Best, & Strange, 1981). These findings are often reported for unimodal L2 learners who are acquiring another spoken second language. A growing body of research, however, has begun to explore phonological perception and production of bimodal (M2; second modality) L2 learners of sign languages (Bochner, Christie, Hauser, & Searls, 2011; Morford
	 American Sign Language is the primary language of d/Deaf3 and hard-of-hearing individuals in the United States. ASL is a natural language with all of the same linguistic characteristics of spoken language (e.g., phonology, morphology, syntax, semantics; Sandler & Lillo-Martin, 2006). ASL phonology includes at least three sublexical features: handshape, movement, and location (see Figure 1 for the sublexical characteristics of 
	3 Capitalized Deaf often refers to those individuals who were born deaf and consider themselves part of Deaf culture, including using American Sign Language, whereas the lowercase deaf often refers just to audiological status among those who are late-deafened or do not identify with the Deaf community.  
	3 Capitalized Deaf often refers to those individuals who were born deaf and consider themselves part of Deaf culture, including using American Sign Language, whereas the lowercase deaf often refers just to audiological status among those who are late-deafened or do not identify with the Deaf community.  
	 

	the sign CHEESE4, Liddell & Johnson, 1989; Sandler, 1989; Brentari, 1998). Handshape is the configuration and the selected fingers and joints of the articulating hands during sign production. Movement is the directionality and path features of the hands during sign production. Location is the place on the body where the sign is being articulated. Another proposed sublexical feature of sign languages is orientation (also included in Figure 6). Orientation is the palm position in a 3D coordinate space of arti
	Footnote
	Figure
	4 Small lower-case letters is the convention for glossing ASL signs.  
	 

	 
	 
	Figure 6 shows the different phonological parameters in American Sign Language. 
	 
	Sign language perception and the intelligibility thereof can be influenced by the phonological characteristics of the signs themselves. The accuracy and timing of perception for each sublexical feature during sign processing is different, which can also be modulated by language experience.  One of the earliest and most accurately acquired sublexical features in sign language is location (Marentette & Mayberry, 2000; Meier, 2000). M2L2 learners often focus on the subtle sub-phonemic features of the handshape
	A previous same-different task investigated phonological parameter discrimination in a sentence-matching paradigm with embedded minimal 
	pairs contrasting in handshape, orientation, location, movement, and complex morphology (Bochner et al., 2011). The authors demonstrated increased errors in same-different responses for sentences containing minimal pairs (i.e., different trials) compared to sentences that did not (i.e., same trials). Moreover, there were more errors in same-different judgments for sentences that contained minimal pairs that differed by movement than handshape or location.  
	Late learners’ perceptual confusion of phonological units may lead to greater phonological errors. Mayberry and colleagues found similar phonological errors for late learners, which suggests that difficulty processing the phonological structure of signs leads to greater substitution errors (Mayberry, 2007; Mayberry & Eichen, 1991). The primary aim for the present study was to investigate whether there were uncontrolled and naturalistic phonological errors while viewing ASL sentences. Based on the aforementi
	 Another primary aim of the present study was to investigate whether phonological errors are modulated by the interlocutor’s proficiency. It has also been shown that the native status of the interlocutor influences the listener’s perception (Bent & Bradlow, 2003; Xie & Fowler, 2013). However, second language learners often have gains in intelligibility compared to native speakers when listening to other nonnative talkers. This phenomenon is called the interlanguage speech intelligibility benefit (ISIB, Bent
	features in their production. Nonnative (L2) sign production is often characterized with greater movement variability relative to native signers, as indexed by lower spatiotemporal stability for sign movements (Hilger, Loucks, Quinto-Pozos, & Dye, 2015). Mirus and colleagues (2001) have argued that even when a nonnative signer produces all of the sublexical features correctly they can still appear nonnative by native signers. Nonnative signers may articulate signs using different articulating joints relativ
	 An ASL-to-English sentence translation task was constructed to probe the distribution of phonological errors while viewing ASL sentences. Many of the previously mentioned studies have, in one way or another, forced learners to make phonological substitution errors during task 
	performance. However, it is unclear whether learners make phonological errors while processing ASL sentences. In the ASL-to-English translation task learners are presented with a plausible or implausible sentence in ASL. Learners made a plausibility judgment and subsequently translated the ASL sentence into English. This task is most advantageous in probing the distribution of naturalistic phonological errors because learners must process an ASL sentence and recall that sentence in a manner that is not impa
	Given the translation task, the present study manipulated phonological similarity in order to increase the number of phonological errors. Previous studies in native sentence processing in English have shown that sentences are encoded into short-term memory and are easily recalled using surface representations (Potter & Lombardi, 1990). Potter and Lombardi also showed that these surface representations are not pristine and are susceptible to errors based on similarity in meaning. Sentences can also be encode
	confusion during sentence recall. Poor phonological encoding and high rates of phonological errors has been seen in ASL sentence recall as well. Native signers are often unable to recognize phonological mismatches (Hanson & Bellugi, 1982) and nonnative signers make many phonological errors in sentence recall (Mayberry & Fischer, 1989).   
	Given that phonological similarity may increase the likelihood of phonological errors and the translation task also requires M2L2 learners to activate their L1 (English) during their processing of ASL sentences, we were tangentially interested in the effect of L1 and L2 phonological similarity. Previous studies have shown that both native bimodal bilinguals and late nonnative signers activate both their spoken language (e.g., English) and their sign language (e.g., ASL) during language processing in a numbe
	By comparing English phonologically related sentences to neutral control sentences, we can determine whether L1 phonological information 
	intrudes in sentence translation and recall, regardless of the divergence in phonological representations across spoken and sign languages. M2L2 learners may also show reduced errors to sentences that are phonologically related in English relative to sentences that contain phonologically related ASL signs since their native proficiency should be better able to resolve English phonological similarity in working memory (Ardila, 2003). Learners are expected to have decreased accuracy for sentences containing A
	error increases. Therefore, in the present study we test how phonological substitutions are modulated by phonological relatedness in their L1 and L2. However, the present study does not attempt to identify the locus of the effects of phonological similarity --- whether the phonological similarity (for either ASL or English) is due to perceptual confusion, encoding and maintenance deficits, or errors in recall.  
	 
	Research Questions 
	The current study investigates intelligibility effects of native versus M2L2 signer status in the perception of ASL by M2L2 learners. The primarily aim of the current study was to answer the following questions: 
	1. Given that previous studies have shown that there may be a general hierarchy of difficulty in parameter identification in M2L2 learners using various techniques, do M2L2 learner’s phonological errors in sentence processing replicate previous findings such that there will be more movement errors than handshape errors with very few location errors in a sentence translation task? 
	1. Given that previous studies have shown that there may be a general hierarchy of difficulty in parameter identification in M2L2 learners using various techniques, do M2L2 learner’s phonological errors in sentence processing replicate previous findings such that there will be more movement errors than handshape errors with very few location errors in a sentence translation task? 
	1. Given that previous studies have shown that there may be a general hierarchy of difficulty in parameter identification in M2L2 learners using various techniques, do M2L2 learner’s phonological errors in sentence processing replicate previous findings such that there will be more movement errors than handshape errors with very few location errors in a sentence translation task? 

	2. Given that greater production variability in the movement parameter has been documented in M2L2 learners, are there more movement errors for sentences signed by a M2L2 learner relative to those signed by a native signer? 
	2. Given that greater production variability in the movement parameter has been documented in M2L2 learners, are there more movement errors for sentences signed by a M2L2 learner relative to those signed by a native signer? 

	3. Given that proficiency often modulates intelligibility benefits from other learners as well as reduces phonological errors in learners, 
	3. Given that proficiency often modulates intelligibility benefits from other learners as well as reduces phonological errors in learners, 


	are there reductions in specific phonological errors with increased proficiency? 
	are there reductions in specific phonological errors with increased proficiency? 
	are there reductions in specific phonological errors with increased proficiency? 

	4. Given that the task requires co-activation of English and phonological similarity often causes deficits in sentence recall, how does phonological similarity in English or ASL influence sentence perception and phonological error rates?  
	4. Given that the task requires co-activation of English and phonological similarity often causes deficits in sentence recall, how does phonological similarity in English or ASL influence sentence perception and phonological error rates?  


	Method 
	Participants 
	Data were collected from 21 participants (5 male, 16 female). The participants ranged from 18 to 23 years old (M = 20.90, SD = 1.22). There were 19 right-handed participants. The participants were students recruited from Intermediate I and II (3rd and 4th semesters, respectively) American Sign Language (ASL) courses at Indiana University. All participants were native English speakers with no history of neurological, speech, language, or hearing disorders. Three participants reported experience with Spanish 
	ASL Proficiency 
	 Participants rated their proficiency in ASL, English, and any other languages studied on a scale from 1 to 7 (1 = “Almost None”, 2 = “Very 
	Poor”, 3 = “Fair”, 4 = “Functional”, 5 = “Good”, 6 = “Very Good”, 7 = “Like Native”). The participants’ ASL scores ranged from 3 to 7 (M = 4.71, SD = 0.98).  All participants rated their English abilities as a 7. The three participants that noted Spanish as another language reported scores of 2; the student with experience with Vietnamese reported a 4.  
	ASL ability was also measured using a Fingerspelling Reproduction Task (FRT) developed by the Visual Language and Visual Learning Center at Gallaudet University (Morere, 2008). The FRT was used as a measure of ASL ability because there are relatively few openly accessible measures of ASL ability and the FRT has been shown to correlate highly with ASL ability on an AX discrimination task (Williams & Newman, 2015). Additionally, self-reported fingerspelling has been shown to be correlated with ASL proficiency
	A composite ASL proficiency score (P) was calculated using the questionnaire data and the FRT scores. The average standard score as a 
	proportion of self-rating and correct responses on the FRT were used to determine the proficiency score:  𝑃= (FRT70)+ (Self-Rating7)2 
	The proficiency scores range from 0 to 1. A composite of 0 indicates a naïve signer, 0.5 roughly indicates an intermediate learner, and a 1 roughly indicates a near-native signer. Composite proficiency scores ranged from 0.36 to 0.85 (M = 0.562, SD = 0.129). The authors believe this composite score is a representative measure of ASL ability because it takes into account self-perceived ability and performance on a standardized task using production. It should be noted, however, that the ability to decode fin
	Together these data suggest that this measure for ASL proficiency adequately describes our learners.   
	 
	Signers 
	 A native signer (age = 21; male) produced all of the native sentences. A hearing M2L2 learner of ASL (age = 23; male) signed the L2 sentences. His first language was English. His second language was Spanish. His third language was ASL. He had formally taken four semesters of ASL, but did not actively sign on a daily basis, and reported as English-dominant. The nonnative signer’s composite score (as assessed by the aforementioned procedures) was 0.879. 
	 
	Stimuli 
	There were 120 signed ASL sentences. The sentences were split into three groups: ASL phonologically related (e.g., “I miss eating candy sometimes”), English phonologically related (e.g., “The cat ate the rat”), and neutral (e.g., “A skinny man is handsome”). The majority of the content words (~75%) within an ASL phonologically related sentence shared similar phonological parameters (i.e., randomly and equally distributed across handshape, location, movement). For example, in the sentence, “I miss eating can
	phonologically related sentences followed the same criterion: an average of 75% of the content words in the sentence must sound similar (i.e., randomly and equally distributed across onset, vowel, and coda overlap) to each other if they were spoken. The neutral sentences (i.e., control sentences) did not contain phonological overlap in either ASL or the English translation. Half of the sentences in each group were plausible (e.g., “The roommate wants to fix the machine”) and the other half were implausible 
	Participant’s responses were scored based on the number of keywords correctly identified. Keywords were defined as open-class content words in the English translation (e.g., cat, ate, rat from the English translation of the ASL stimulus sentence “The cat ate the rat”). There were a range of 3 – 7 keywords per sentence across all conditions (M = 5.025, SD = 1.061) for a total of 577 keywords per subject. There were no significant differences in number of keywords across conditions [F < 1]. 
	Both the native and M2L2 signers signed all of the sentences. Both of the signers were provided the stimulus list with the English sentence and an ASL gloss. They were instructed to sign them as naturally as possible. The M2L2 signer’s productions were monitored for correct lexical items and overt phonological substitution errors; however, productions were allowed to have natural phonetic variation. That is, the stimuli were matched for the lexical items in the sentences to insure consistency 
	across signers for keyword report, but were signed in a naturalistic way by both signers. The video clips were cropped to one frame before the signer lifted his hands to produce the first sign of the sentence and one frame after his arms came to a rest at his side to indicate the post-sentence production period. The average duration of the video clips was 4820 milliseconds (SE = 1134 ms). An analysis of variance (ANOVA) indicated that the video lengths were not significantly different across the phonologica
	 
	Procedure 
	 Participants were seated in front of a 27-inch iMac. Stimulus presentation was controlled by PsychoPy (Pierce, 2007) software. A fixation point was presented at the beginning of each trial for 500 milliseconds before the ASL sentence played. Once the ASL sentence was presented, the participants were instructed to make a plausibility judgment as quickly as possible by pressing the “1” key if the sentence was implausible and the “0” key if it was plausible. The participants were not able to make plausibility
	to pay attention. After the plausibility judgment, participants were instructed to translate the sentence into English by typing their response on a keyboard. They were explicitly instructed to not gloss the sentence, but rather provide a translation. However, they were also instructed to report any signs that they recognized if they did not understand the sentence. Previous studies have required participants to transcribe what they have heard in the target language (Xie & Fowler, 2013; Bent & Bradlow, 2003
	SUMMER and DRY share handshape and movement features, but differ by location (see Figure 7). In other words, a response was labeled as a phonological substitution error if the sign equivalent shared two of the three parameters with the target sign (i.e., minimal pairs). Phonological substitution errors were subsequently classified as handshape, location, or movement errors based on which parameter the target sign and the response differed. Additionally, all errors were counted insofar as any given trial may
	 
	 
	Figure 7 illustrates a minimal pair contrast (top; SUMMER vs. DRY) that would constitute a phonological substitution error in the present study. The minimal pair is contrasted with an unrelated lexical error (bottom).  
	 
	Results 
	Keyword accuracy 
	A repeated measures 2 (Signer: native vs. L2) by 3 (Relatedness: ASL vs. English vs. neutral) by 2 (Plausibility: plausible vs. implausible) analysis of variance (ANOVA) was performed5. The main effect of signer was not significant [F(1,20) = 1.287, p = 0.370, ƞ2 = 0.060]. The learners 
	Footnote
	Figure
	5 The data are normally distributed (Jarque-Bera test: p = 0.2124) and had been transformed using arcsine and rau transformations in previous analyses and the results were unchanged. Thus, it was decided to present the data as raw proportions for clarity and simplicity. 

	responded with similar keyword accuracy for the M2L2 signer (M = 39.1%, SE = 3.3%) and the native signer (M = 37.9%, SE = 3.0%). There was a main effect of relatedness [F(2,40) = 26.901, p < 0.001, ƞ2 = 0.574]. Planned ad-hoc t-tests showed that participants were less accurate with ASL phonologically related sentences (34%) than English phonologically related sentences [39%; t(20) = 4.859, p < 0.001] and control sentences [42%; t(20) = 7.388, p < 0.001]. English phonologically related sentences were also le
	 
	Phonological Error Analysis 
	 There were a total of 190 phonological errors reported out of a total 4575 keywords. Therefore, participants made phonological substitution errors in 4% of their responses. The remaining errors were due to other types of response errors. A repeated-measures 2 (Signer: native vs. L2) by 3 (Parameter: location vs. handshape vs. movement) by 3 (Relatedness: ASL vs. English vs. neutral) by 2 (Plausibility: plausible vs. implausible) ANOVA was performed. The main effect of signer was not significant [F<1] as th
	= 0.203] were significant. The main effect of parameter (see Figure 8) revealed that participants made more movement errors (63.6%) than handshape (31.6%) or location (4.8%) errors. The main effect of relatedness revealed that the words that were phonologically related in English contained the least number of errors (20.0%), whereas those that were related in ASL (41.0%) and neutral (39.0%) sentence contained relatively equal number of errors. When examining the effect of plausibility, participants made mor
	 
	 
	Figure 8 illustrates the proportion of phonological errors (in percent) for each phonological parameter and by signer status (native versus L2 signer). 
	 
	Additionally interactions were present such that there was a signer by parameter interaction [F(2,40) = 3.527, p < 0.05, ƞ2 = 0.150] and a parameter by type interaction [F(2,80) = 6.691, p < 0.0001, ƞ2 = 0.251]. The signer by parameter interaction (see Figure 3) revealed that sentences signed by the M2L2 learner yielded more movement errors (36.3%) than sentences by a native signer (27.4%), but did not differ for handshape (native: 17.4%; L2: 14.2%) or location (native: 1.7%; L2: 3.2%). The parameter by typ
	There was a 3-way interaction with signer, parameter, and type [F(4,80) = 4.005, p < 0.01, ƞ2 = 0.167]. The 3-way interaction revealed that the participants made more movement errors for the L2 sentences that contained ASL-phonologically related signs and control sentences, but few of these errors were in L2 English-related sentences. No other interactions were significant.  
	In order to determine that these effects were simply caused by semantic errors, a post-hoc semantic error analysis was performed on the phonological errors. It was found that 30 out of the 190 phonological errors were also semantic errors. Six sign pairs were able to explain 90% of these semantic-phonological errors: DOCTOR-NURSE (23.38%), HORSE-RABBIT (20.0%), QUEEN-KING (13.3%), BOOTS-SHOES (13.3%), YESTERDAY-TOMORROW (10.0%), and APPLE-ONION (10.05). Somewhat surprising is that the majority of these sema
	 
	 Correlation Analysis 
	 Lower proficiency participants did not make fewer phonological substitution errors than higher proficiency participants (R2 = 0.120, r = 0.347, p = 0.124). Correlations between phonological substitution errors and proficiency were analyzed to characterize the changes in phonological errors for each sublexical feature as the L2 lexicon expands. With 
	increasing evidence that perception of the location feature is easy for all signers and handshape and movement are more difficult (see above hierarchy), it was hypothesized that lower proficiency learners would have greater phonological errors for handshape and movement than higher proficiency learners, but proficiency would not modulate location errors. The more proficient learners had significantly more handshape errors (R2 = 0.226, r = 0.475, p < 0.05) than lower proficiency learners; however there was n
	 
	Discussion 
	 The present study adds to the growing sign perception literature by providing data concerning learners’ sign perception during ASL sentence processing. Previous sign perception studies have gauged phonological substitution errors by forcing the participants to choose between sentences that contained phonologically related minimal pairs (Bochner et al., 2011; Tartter & Fischer, 1982). In this study, however, the phonological substitution errors in the perception of ASL were spontaneous and uncontrolled. The
	handshape errors with increased proficiency, but movement and location errors were not modulated by proficiency. Last, there was evidence of L1 activation with decreased errors for sentences that were underlyingly phonologically related in English. Each of these will be discussed in turn. 
	The movement parameter has been documented to be difficult for hearing M2L2 learners of sign language in both perception and production (Bochner et al., 2011; Morford & Carson, 2011). In the present study, the results indicated that approximately 4% of the keywords reported were phonological substitutions in perception. The learners mostly made movement errors (64%), followed by handshape (31%) and location (5%) errors. The pattern of phonological errors in this study provides converging evidence with previ
	The most prevalent error type in the current study was omission errors, which accounted for 67% of all errors. It is difficult to determine the locus of these omission errors in the present study. A number of factors could have contributed to high omission rates. First, proficiency is a likely candidate insofar as these learners were not well practiced on sentence-level processing. Given that the task was a difficult translation task coupled with low proficiency sentence processing skills, these learners we
	It is also important to note that phonological substitution errors also contained semantic errors. More interestingly, the semantic errors were largely confined to minimal pairs that shared handshape. A potential explanation for this finding is that it may be a byproduct of the organization of the L2 learner lexicon, which may have a correlation between handshape minimal pairs and semantically related signs; however, more studies will need to be done in order to tease out this effect. Nonetheless, the distr
	 
	Interlanguage intelligibility benefit 
	Second language learners often have gains in intelligibility compared to native speakers when listening to other nonnative talkers (Bent & Bradlow, 2003; Xie & Fowler, 2013). That is, L2 learners have equal or greater word recognition for words produced by nonnative speakers than native speakers of a given target language. It was hypothesized that this interlanguage intelligibility benefit may arise for M2L2 learners of sign language when processing native and L2 sign sentences. In the present study, howeve
	effect is significant insofar as the concomitant bimodality divergence and absent interlanguage benefit suggests the interlanguage (speech) intelligibility benefit may only arise in languages within the same modality. For example, ASL-British Sign Language (BSL) learners might show an interlanguage benefit with other ASL learners of BSL due to the overlapping native and nonnative phonetic and phonological systems. The pattern of results suggests that the L1 and L2 must share the same modality for an interla
	On the other hand, participants made qualitatively more phonological substitution errors for sentences signed by a M2L2 learner and significantly more movement errors for the sentences produced by the M2L2 learner. This increase in movement errors in L2 perception of M2L2 production may be due to production variability by the M2L2 model, which in turn created greater confusability for an already poor ASL learner. M2L2 learners produce nonnative cues when signing and with high variability (Cull, 2014; Hilger
	perception of the movement parameter is especially interesting given that there were no other signer effects found in the present study. An absence of signer effects in other conditions suggests that the movement parameter itself is specifically vulnerable to signer status (at least for this M2L2 sign model). All in all, the participants in the present study increased movement errors for sentences produced by another M2L2 learner, which suggests that such production variability also additively affects L2 pe
	 
	Phonological Errors and Proficiency 
	A surprising result in the current study is that the more proficient learners showed greater handshape errors than lower proficiency learners. This result may be attributed to the fact that learners often focus on the handshape phonetic feature, which causes nonnative learners to make more errors (Grosvald et al., 2012; Morford & Carlson, 2011). Another possible explanation is that higher proficiency learners have larger vocabularies, which may account for the increase in handshape errors. Larger vocabulari
	network with lexical neighborhoods of phonologically similar words (Luce & Pisoni, 1998). Signs have been shown to cluster in dense neighborhoods based on the handshape feature (Casellli & Cohen-Goldberg, 2014; Carreiras, Guiterrez-Sigut, Baquero, & Corina, 2008). Increased activation of phonological neighbors often results in more errors in spoken language recognition tasks (Vitevitch, 2002; Vitevitch & Luce, 1998). Increased activation of handshape neighbors might also account for increased phonological s
	Given the one fundamental characteristic of nonnative signing is large production variability, the observed results may happen to be a consequence of the participants’ incomplete fluency. However, given that some M2L2 learners can in fact produce sign language with native-like stability (Hilger et al., 2015), it may be the case that learners can overcome such a barrier to achieve target-like perception and production. Despite this possibility, learners and native signers both have difficulty in processing t
	found that deaf children were less accurate in their production of movement than other parameters and their production accuracy remained stable throughout development. Additionally, studies have shown that perception of movement is difficult for deaf adults as well as M2L2 learners (Bochner et al., 2011). Therefore, it may be argued that the acquisition of the movement parameter may hinder the ultimate attainment of greater sign language proficiency. However, this is only speculative at the moment. Neverthe
	 
	Cross-modal language co-activation in sentence processing 
	In addition to the influence of signer status and phonological parameter on sentence processing, we were interested in understanding the role of the learners’ L1 (English) in the perception of ASL. Language-specific phonological relatedness was manipulated to characterize the interactions between the first and second languages in ASL sentence processing. Additionally, the manipulation examined how interactions between the two languages might affect the intelligibility of the native and L2 signers. Participa
	proficiency (i.e., mastery of phonological features of ASL) cannot overcome for those participants in this study. In fact, a previous study has shown that ASL phonological relatedness can interfere with processing even in native signers (Trieman & Hirsk-Pasek, 1983) as well as recall of a list of signs (Wilson & Emmorey, 1997). Participants were more accurate for sentences that were phonologically related in English relative to sentences that were phonologically related in ASL. However, proficiency also did
	Not only did participants have reduced phonological errors in sentences that underlyingly rhymed in English relative to sentences that rhymed in ASL, but also learners were more accurate for English phonologically related sentences than the control sentences. This is somewhat surprising given that phonological similarity in any language often produces a “phonological similarity decrement” in which there are increased errors (Baddeley, 1992). However, facilitation of phonologically similar items has been see
	redintegration (Baddeley, Chincotta, Stafford, & Turk, 2003; Fallon, Groves, & Tehan, 1999; Gathercole, Frankish, Pinkering, & Peaker, 1999; Lobley, Baddeley, & Gathercole, 2005). Therefore, the facilitative role of English rhyming on ASL processing may be reflective of these encoding and redintegration memory processes that are established in the L1, but have not yet emerged in the L2. Another possibility for this observation could solely be perceptual. It is possible that the learners could predict the ne
	 
	Limitations 
	 The present study was able to contribute a number of novel findings in the field of M2L2 acquisition; however, there are a few limitations. First, the translation task itself could impact the results. The translation task required participants to have adequate lexical knowledge to complete the task. If the learner had reduced lexical knowledge, then they might only make errors based on the words in their limited lexicon. However, these learners were selected from intermediate-to-advance level courses so th
	lexical knowledge. Moreover, the words included in the stimulus sentences were also selected from their textbooks. Therefore, lexical knowledge (or lack thereof) could not completely explain the effects in the present study. It should also be noted that the poor accuracy performance by these learners is most likely indicative of task difficulty. In the present study, learners had to hold a long sentence, which was also perceptually confusing (i.e., phonologically related), in memory and then translate that 
	Another limitation may be that the translation task could have introduced a strong influence from English on task performance. That is, learners were required to translate ASL to English in order to report the keywords. As such, a reliance on English may have enhanced the facilitatory role of English on ASL sentence processing. Thus, any results that demonstrate the facilitatory role of English in ASL processing needs to be accepted cautiously; nevertheless, it is not unreasonable to suggest such L1 transfe
	it onto the wrong lexical item; and 3) a maintenance or recall error due to the learners correctly encoding the lexical item, but failing to recall the correct information. Nevertheless, we have been able to show that phonological errors arise during sentential processing and the distribution is consonant with previous perceptual studies.  
	Finally, another limitation of the current study is that there was only one sign model for the native and nonnative groups. Limiting sign utterances to one native and one M2L2 signer reduces confidence as to whether any signer effects were simply due to individual variation in these particular signers. Further studies will be needed to examine the effects of signer variability on L2 sign perception.  
	 In conclusion, the present study adds to the growing sign perception literature by providing spontaneous and naturalistic phonological errors during learners’ sign perception during sentence processing in continuous signing. The results showed that there were greater movement errors relative to handshape or location for both native and L2 sentences, but there were more movement errors for L2 sentences relative to those signed by a native signer. Taken together, this pattern of results suggests that movemen
	  
	 
	 
	 
	 
	 
	 
	Chapter 5: Movement Effects on Learning II: Sonority 
	 
	This chapter has been previously published, but the formatting has been slightly modified for the purposes of this dissertation: 
	 
	Williams, J.T., & Newman, S.D. (2016). Impacts of visual sonority and handshape markedness on second language learning of American Sign Language. Journal of Deaf Studies and Deaf Education, 21(2), 171-186. doi: 10.1093/deafed/env055  
	 
	  
	Introduction 
	 Learning a new language late in adulthood can be a difficult experience. Learning novel sounds (Best & Tyler, 2007), word segmentation (Field, 2003), and a myriad of other features (Birdsong, 1992) can create many roadblocks along a learner’s acquisition path. However, there are many characteristics of the first language that can facilitate acquisition of a second language (Gass & Selinker, 1992). Many of the phenomena that have been documented to either facilitate or hinder second language acquisition are
	Evidence for amodal transfer between languages during L2 acquisition comes from studies that have demonstrated that learners of a sign language use knowledge of their first language co-speech gesture 
	system (Brentari, Nadolskey, & Woldford, 2012; Chen Pichler, 2009) as well as other sources (Chen Pichler & Koulidobrova, to appear) to aid in sign language acquisition. As such, it is likely the case that bimodal bilinguals can use such knowledge to help attune to salient features in their sign language. It has been hypothesized that there are modality-independent phonological characteristics of language (Berent, Dupuis, & Brentari, 2013). In fact, sonority, or the perceptual salience of a phonetic feature
	 Multidimensional perceptual salience, or the ability for a feature to stand out in the input based on some dimension, has been shown to be important during many cognitive processes, including language acquisition (Goldschneider & Dekeyser, 2001; Yantis & Egeth, 1999). Multidimensional salience in language can arise in what is termed sonority (Ohala and Kawasaki, 1984). Sonority in spoken language has a phonetic correlate of amplitude, or loudness, of a given speech sound. In other words, sonority is often 
	For instance, sonority is important in the syllabification of languages insofar as languages often arrange their sound sequences based on constraints of sonority (see Sonority Sequencing Principle, Clements, 1990). As such, the syllable and its sonority have representational power within the phonological system of any given language (Blevins, 1995). The representational power of the syllable (i.e., sonority) in spoken language can affect child language acquisition and unimodal second language acquisition. C
	 Based on the fact that sonority is the conceptual representation of perceptual salience in language, it is unsurprising that sign languages also have a visual correlate (Brentari, 1998). Sign phonologists agree that movement is the most sonorous element in a well-formed sign (Brentari, 
	1998; Corina, 1996; Perlmutter, 1993; Sandler, 1993; Wilbur, 1993). Signs have similar syllable structure as spoken words insofar as movement accounts for the syllable nucleus, similar to vowels (Brentari, 1998, 2002; Sandler, 1993). However, there is some debate as to how best to quantify sonority. For instance, visual sonority can be derived from the proximity of the articulating joint (e.g., shoulder, elbow, fingers, etc.; Brentari, 1998), the type of movement during a sign’s production (Sandler, 1993), 
	According to the particular theory adapted in this study, movements distinguish the syllable complexity and are the most sonorous elements of 
	the sign. Thus, sign languages can create sonority by the perceptual visibility of the articulating joint (e.g., signs with shoulder movements are more visible than those with interphalangeal movements; Brentari, 1998, pg. 217). It could be assumed based on this account of sonority that greater visibility, which implies greater sonority, could provide advantages for some signs over others in terms of identification and subsequent processing. Motion (or movement) has been shown to enhance visual perception i
	 It should be noted that perceptual salience in sign language may not be restricted to movement sonority. Based on a number of studies, 
	there is evidence that learners may have difficulty in the perception of other sublexical features (or parameters) based on their perceptual salience and psycholinguistic properties (Bochner, Christie, Hauser, & Searls, 2011; Emmorey, McCullough, & Brentari, 2003; Grosvald, Lachaud, & Corina, 2012; Morford, Grieve-Smit, MacFarlane, Staley, & Waters, 2008; Morford & Carlson, 2011). It might be the case that the perceptibility of a given sign is a function of multiple features; that is, a combination of a sal
	Multiple cues can be advantageous in cognitive processing across multiple domains. For instance, multiple auditory cues can aid in auditory processing (Schroger & Widmann, 2003). Furthermore, when listeners are shown visual information in conjunction with auditory information, there is expedited processing both in behavioral performance and neural processing (Du et al., 2011; van Wassenhove, Grant, & Poeppel, 2005). Multiple cues in visual processing are also advantageous (Itti & Koch, 1999). Given that mul
	investigate whether it is in fact a dynamic system where multiple features interact to contribute to overall saliency. As such, it is important to examine the role of different types of salience.  
	Markedness may provide another source of salience. Unmarked features are common features that occur relatively often, whereas marked features are unusual and occur rarely; markedness can be thought of as the relative frequency of a given feature (Jakobson, 1968). Handshape, or the configuration of the selected fingers of a sign, can be delineated into a group of marked and unmarked handshapes. Typically, unmarked handshapes are limited to a small group of handshapes (B, A, S, C, O, 1, and 5; Battison, 1997;
	learners are not attuned to the frequency characteristics of the language, learners may process markedness based solely on motoric complexity. However, handshape markedness may not be relegated to only motoric complexity, but also visual complexity. In a phoneme-monitoring task, deaf signers perceived marked handshapes better than unmarked handshapes; however, hearing nonsigners perceived unmarked handshapes better (Grosvald et al., 2012). This reversal is thought to be driven by perceptual salience such th
	 Taking these factors into consideration together with theories of sonority, it was predicted that the acquisition of signs depends on multiple saliency features. It was hypothesized that multiple features and their visual saliency values influence sign language learning. Despite learners perceiving unmarked handshapes better than marked, we predicted that signs that contain marked handshapes and high sonority movements increase perceptibility. This prediction is due to marked handshapes being visually dist
	phonological specification during acquisition. It is possible, however, that unmarked handshapes with high sonority movements are easier to acquire.  In that vein, the roles of motoric and visual complexity were investigated by examining the subsequent production of these signs. Since both sonority and handshape markedness can be derived from both motoric and visual complexity, these differential effects of sonority and handshape markedness may change when signers are required to produce these signs. It is 
	 To summarize, this study aimed to explore the role of visual salience (i.e., sonority and markedness) on the perception and production of ASL. We tested these hypotheses using a sign-picture matching paradigm in Experiment 1 and tested a subsequent reproduction task using a key-release measure in Experiment 2. A sign-picture matching 
	task was chosen because previous studies have used the method effectively to investigate how certain linguistic aspects influence both child language and adult second language learning (Escudero, Hayes-Harb, & Mitterer, 2008; Showalter & Hayes-Harb, 2013; Storkel & Adlof, 2009; Storkel & Lee, 2011). Given that we were interested in how sonority and handshape markedness influence sign acquisition in adult learners this task is quite useful because we are able to explicitly test learners’ accuracy in acquirin
	 
	Experiment 1: Sign-Picture Matching Task 
	Methods 
	Participants. Twenty-five English-speaking participants (4 male) were recruited from an introductory psychology course. All participants received course credit for their participation. The university Internal Review Board approved all procedures. The participants’ ages ranged from 18 to 21 years (M = 18.32; SD = 0.69). All participants scored as right-handed on 
	the Edinburgh Handedness Inventory (Oldfield, 1971; M = 72.5; SD = 16.1). Eighteen participants reported at least one spoken second language (Spanish = 12; Japanese = 2; Latin = 1; German = 1; Tamil = 1; Hindi = 1), but no participants reported experience or exposure to any sign language (including American Sign Language). Additionally, all participants reported no speech, hearing, or neurological disorders. Hearing nonsigners were selected for this study in order to simulate initial stages of learning. Thi
	 
	 Figure 9 displays a sample of the stimuli included in this experiment. Signs with high sonority are on the top row (e.g., VOMIT, ASK) and those with low 
	sonority on the bottom row (e.g., FINE, PUZZLED). As static 2D pictures it is hard to intuitively derive the sonority; however, the high sonority signs are characterized by path movements that span the neutral space (e.g., vomit: mouth to neutral; ask: mouth to neutral). The low sonority signs have either internal handshape movements (e.g., PUZZLED is stationary at the forehead but the handshape changes from 1 to X) or local movements (e.g., FINE: slight repeated taps to the chest). The stimuli are further 
	 
	 
	Materials. Sixteen to-be-learned ASL signs were selected. These sixteen signs were split into high and low sonority groups (n = 8 each). Sonority was rated using both the Brentari (1998) and Sandler (1989) models of ASL sonority scales. Based on these models a general sonority hierarchy was constructed for this study in which sonority was determined by a combination of articulating joint (i.e., shoulder (5) > elbow > wrist > base > nonbase (1)) and movement type (i.e., path movements with trilled internal m
	would be least sonorous. The group of high sonority signs included COMMUNICATION, VOMIT, SHOW, SORRY, DECIDE, JOIN, ASK, and SYMPATHIZE. The low sonority signs included COOKIE, FINE, HUH, AUDIOLOGY, HIGH-SCHOOL, PUZZLED, and HATE (refer to Figure 9 for a sample of the stimuli). There was a significant difference of sonority ranking between the low and high sonority groups [t(7) = 4.710, p < 0.05; high = 4.25 (0.46), low = 2.38 (0.74)]. In order to capture other possible explanations of visual saliency, sign
	All of the signs were paired with a novel nonobject. Sixteen imageable gray scale line drawings of nonobjects were pseudo-randomly selected from Kroll and Potter (1984). Nonobjects were selected such that there was no iconic mapping between the phonology of the sign and the nonobject’s representation (see Figure 9 for examples of nonobjects). Iconicity has been shown to influence sign acquisition and processing such that native deaf signers and late L2 learners are often faster at naming highly iconic signs
	 
	Figure 10. Study design. 
	 
	Procedure. The procedure used was similar to previous studies examining L2 phonological acquisition (see Showalter & Hayes-Harb, 2013, 2015). Participants were seated at a 27-inch widescreen iMac computer. The experiment was controlled by PsychoPy software (Peirce, 2007). There were two phases: the learning phase and the final sign-picture matching test. The participants were presented with a 500-millisecond fixation cross before each trial. During the learning phase participants were exposed to both ASL si
	the stimuli in the present study are visual, the ASL sign was presented for the duration of the sign and the nonobject was presented for 1000 milliseconds longer than the sign (e.g., ASK = 1600 ms, nonobject = 2600 ms; see Figure 10). This method of presentation was assumed to provide the participants enough time to visually encode all of the information on the screen. Participants were also instructed to look at the right side of the screen (for ASL sign) first and then look to the left (for the nonobject)
	 The final sign-picture matching test consisted of all sixteen signs randomly presented. Immediately after the presentation of the sign, a two alternative force choice nonobject referent-matching paradigm was presented to the participants. Two nonobjects appeared on the screen. The correct nonobject was randomly assigned to either the left or the right. Another nonobject (that was the correct answer for another sign representation) was randomly presented in the other location. Participants were instructed t
	significant difference in video lengths across all conditions, reaction times should not be colored by video lengths. The test phase only presented each sign once. None of the alternative nonobject choices (the foils) were shown more than once as a foil.  
	 
	Data Analysis 
	 Data analysis was conducted using mixed-effects models (R Statistics v.3.1.2; Bates et al., 2013) that included both fixed effects (i.e., sonority and markedness) and random effects (i.e., participants and items). Mixed-effect modeling is now commonplace in psycholinguistic literature in light of many arguments against traditional analysis of variance. Specifically, mixed-effects models allow for the modeling of random effects that are caused by participant and item variance. Additionally, mixed-effects mo
	 
	Results 
	 
	 
	Figure 11 shows the reaction time (in milliseconds; left) and accuracy (right) results for the sign-picture matching task split by sonority and markedness. Error bars represent ± 1 SE. 
	Table 5. Statistics for Experiment 1 Learning Note: F1 = group, F2 = item, * = significant 
	 
	 
	 
	 
	 


	Predictor 
	Predictor 
	Predictor 

	Condition 
	Condition 

	Mean 
	Mean 

	SE 
	SE 

	F1 | F2 
	F1 | F2 

	p1 | p2 
	p1 | p2 

	Span

	 
	 
	 

	Sonority 
	Sonority 

	Markedness 
	Markedness 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Reaction Times 
	Reaction Times 
	Reaction Times 

	Span

	Sonority 
	Sonority 
	Sonority 

	high 
	high 

	 
	 

	4131 
	4131 

	81 
	81 

	0.022 | 0.003 
	0.022 | 0.003 

	0.881 | 0.995 
	0.881 | 0.995 

	Span

	 
	 
	 

	low 
	low 

	 
	 

	4093 
	4093 

	92 
	92 

	 
	 

	 
	 


	Markedness 
	Markedness 
	Markedness 

	 
	 

	unmarked 
	unmarked 

	4093 
	4093 

	85 
	85 

	0.626 | 0.093 
	0.626 | 0.093 

	0.429 | 0.764 
	0.429 | 0.764 


	 
	 
	 

	 
	 

	marked 
	marked 

	4131 
	4131 

	90 
	90 

	 
	 

	 
	 


	Sonority x Markedness* 
	Sonority x Markedness* 
	Sonority x Markedness* 

	high 
	high 

	unmarked 
	unmarked 

	4148 
	4148 

	111 
	111 

	7.803 | 1.164 
	7.803 | 1.164 

	0.005 | 0.297 
	0.005 | 0.297 


	 
	 
	 

	 
	 

	marked 
	marked 

	4115 
	4115 

	88 
	88 

	 
	 

	 
	 


	 
	 
	 

	low 
	low 

	unmarked 
	unmarked 

	4037 
	4037 

	92 
	92 

	 
	 

	 
	 


	 
	 
	 

	 
	 

	marked 
	marked 

	4148 
	4148 

	109 
	109 

	 
	 

	 
	 


	Accuracy 
	Accuracy 
	Accuracy 

	Span

	Sonority* 
	Sonority* 
	Sonority* 

	high 
	high 

	 
	 

	89.0% 
	89.0% 

	2.5 
	2.5 

	7.592 | 2.067 
	7.592 | 2.067 

	0.006 | 0.170 
	0.006 | 0.170 

	Span

	 
	 
	 

	low 
	low 

	 
	 

	82.5% 
	82.5% 

	2.5 
	2.5 

	 
	 

	 
	 



	Markedness 
	Markedness 
	Markedness 
	Markedness 

	 
	 

	unmarked 
	unmarked 

	86.5% 
	86.5% 

	2.2 
	2.2 

	0.404 | 0.110 
	0.404 | 0.110 

	0.525 | 0.110 
	0.525 | 0.110 


	 
	 
	 

	 
	 

	marked 
	marked 

	85.0% 
	85.0% 

	2.8 
	2.8 

	 
	 

	 
	 


	Sonority x Markedness* 
	Sonority x Markedness* 
	Sonority x Markedness* 

	high 
	high 

	unmarked 
	unmarked 

	87.0% 
	87.0% 

	2.6 
	2.6 

	5.436 | 1.480 
	5.436 | 1.480 

	0.020 | 0.241 
	0.020 | 0.241 


	 
	 
	 

	 
	 

	marked 
	marked 

	91.0% 
	91.0% 

	3.3 
	3.3 

	 
	 

	 
	 


	 
	 
	 

	low 
	low 

	unmarked 
	unmarked 

	86.0% 
	86.0% 

	2.4 
	2.4 

	 
	 

	 
	 


	 
	 
	 

	 
	 

	marked 
	marked 

	79.0% 
	79.0% 

	3.4 
	3.4 

	 
	 

	 
	 



	 
	 
	Reaction times measured from the onset of correct trials were filtered for outliers that fell two standard deviations above or below the mean (1.4%). Descriptive statistics can be found in Table 5. The linear mixed-effects model revealed no significant main effects of either sonority [F1(1,775) = 0.022, p = 0.881; F2(1,16) = 0.003, p = 0.995] or markedness [F1(1,775) = 0.626, p = 0.429; F2(1,16) = 0.093, p = 0.764]. There was a significant interaction observed between sonority and markedness at the group le
	Accuracy results revealed a significant main effect of sonority at the group level [F1(1,775) = 7.592, p = 0.006; F2(1,16) = 2.067, p = 0.170] such that high sonority signs [89% (2.5)]  were more accurately learned than low sonority signs [82.5% (2.5)]. There was no main effect of markedness [F1(1,775) = 0.404, p = 0.525; F2(1,16) = 0.110, p = 0.467] such that both unmarked [86.5% (2.2)] and marked [85% (2.8)] signs were learned equally well. There was an interaction of sonority and markedness at the group 
	Recall, this study aimed to investigate: 1) whether visual sonority provides greater intelligibility for marked handshapes; and 2) whether there are additive effects of sonority and markedness on learning such that unmarked high sonority (i.e., high salience, low complexity) signs are easier to acquire than marked low sonority signs (i.e., low salience, high complexity). Planned t-tests were performed to investigate these outstanding hypotheses and to further explore the interaction effects in both RTs and 
	 
	 Figure 12. A confusion matrix was constructed to qualitatively characterize the confusions between signs in the learning phase of Experiment 1. The signs are ordered based on their sonority and markedness. The boxes are colored based on how often a sign was identified as that sign, where greater identification with a given sign was weighted by a darker color. The values along the diagonal represent correct identification and other values are misidentifications. Values are proportions (0 to 1) and can be co
	 
	 Given that the planned comparisons showed a hierarchy of confusability in accuracy (e.g., high+marked (91%) > high+unmarked 
	(87%) = low+unmarked (86%) > low+marked (79%)), it was important to delineate confusability more explicitly. A confusion matrix was computed in order to capture qualitative insight into how signs were learned based on their sonority and markedness. How often a given sign was classified as another sign in the learning test phase was calculated. In Figure 12, the signs are plotted and divided by their sonority and markedness. Along the diagonal is how often a given sign was correctly identified as itself with
	indicated a similar hierarchy as mentioned above such that high sonority signs with marked handshape were misidentified only 9.0% of the time relative to high sonority signs with unmarked handshapes (13.0%), low sonority signs with unmarked handshapes (14.0%), and low sonority signs with marked handshapes (21.0%). Given that the confusion matrix demonstrates the predicted inverse relationship to the accuracy data (i.e., the more accurate, the less confusion), then we can confidently say that the same genera
	Participants attempted to learn novel ASL sign-nonobject mappings in a repetition nonobject referent-mapping task in Experiment 1. It was our aim to investigate the role of visual salience on the acquisition of novel signs. It was hypothesized that high visual sonority would facilitate sign-picture matching. Additionally, the visual salience of marked handshapes was also expected to facilitate acquistion. Thus, it was predicted that to-be-learned signs that contained low sonority movements and unmarked hand
	Since previous studies have shown that the handshape parameter is often more difficult to acquire for second language learners (Morford & Carlson, 2011) and handshape markedness differentially affects processing (Grosvald et al., 2012), the question of whether the effects of markedness are diminished (or highlighted) with greater visual sonority remained.  
	It was also found that signs were learned more easily when marked handshapes were embedded in high sonority signs. This advantage was not seen for unmarked handshapes, where signs containing unmarked handshapes in high sonority signs (87%) were matched to those in low sonority signs (86%). The salient feature of a marked handshape likely drew attention to the handshape parameter. Attention directed to a marked handshape was then highlighted by the high visual saliency of the sign to provide distinct feature
	marked handshapes. This supports previous research that shows that learners have difficulty with handshape identification, discrimination, and learning (Bochner et al., 2011; Morford & Carlson, 2011; Morford et al., 2008), but do better with unmarked handshapes (Grosvald et al, 2012). Thus, possibly the ideal combination of visual features that aids in learning seems to arise when the handshape parameter is marked and the sign movement is highlighted with high sonority.  
	 
	Experiment 2: Sign Reproduction 
	The pattern of results from Experiment 1 showed that visual sonority impacts sign language acquisition. While Experiment 1 addressed perceptual learning there is still the question of whether visual sonority impacts the production of familiar and novel signs in hearing nonsigners. Here, a reproduction paradigm was used, which allowed for the tracking of reaction times for sign language production. These reaction times provide a psycholinguistic account of the role of sonority and handshape markedness on the
	learned signs are underspecified due to their sonority or markedness (as seen in Experiment 1 results), we would expect reproduction of low sonority signs that contain a marked handshape to be more prone to error. As such, it was predicted that motoric complexity as well as underspecified representations during learning would produce slower and more erroneous sign productions. 
	Methods 
	Participants. Twenty-three of the same participants from Experiment 1 participated in this experiment immediately following Experiment 1. Two were omitted from the following analyses due to technical difficulties in video recording responses.  
	Materials. Thirty-two signs were included in this experiment. Sixteen of the familiar signs from Experiment 1 were included. Additionally 16 novel signs were included. The additional novel signs were delineated by high and low sonority and unmarked and marked constraints, similar to those in Experiment 1. The novel signs and familiar signs were not systemically different in any way. 
	 
	 
	 
	Figure 13 illustrates the design of the reproduction study. Participants were shown a sign video after holding down the space bar to begin. The participants could lift their hand and sign any time, but must be within a 3-second timeout after video offset. Reaction times were recorded relative to the video offset. 
	 
	 
	Procedure. The procedure outlined here is a paradigm that records reaction times in sign production. Older sign language production studies have captured reaction times by laser beam triggering (Corina & Hildebrandt, 2002) or motion capture (Lutpon & Zelanznik, 1990). In this study we used PsychoPy (Peirce, 2007) in order to capture button releases before sign production, which is similar to what more recent production studies have implemented (see Emmorey, Petrich, & Gollan, 2012; Secora & Emmorey, 2015). 
	would begin to play. After the video finished a prompt appeared and participants were provided a 3000 millisecond period to make their productions. The next trial did not begin until the participant pressed down the space bar (see Figure 13 for design). Although a prompt was given after the video played, participants were instructed that they could produce the sign as soon as they knew how to produce it. In order to control for participants who might lift their hands immediately and then delay their sign pr
	substitutions or distortions. If judgments differed, a 100% consensus on accuracy scores was reached after discussion between the two judges. 
	Data analysis 
	 A similar analysis was performed as in Experiment 1; however, an additional fixed effect of familiarity was added to the model in order to investigate how learners differ in their reproductions of familiar and novel signs.  
	 
	Results 
	 
	 
	 
	Figure 14 shows the mean reproduction times collapsed across familiar and novel signs in milliseconds relative to stimulus offset. Thus, the more negative the reaction time the faster the sign was produced (i.e., before stimulus offset), whereas the more positive the reaction time the slower 
	the sign was produced (i.e., post-stimulus offset). Error bars represent ± 1 SE. 
	 
	Table 6. Statistics for Experiment 2 (Reproduction). Note: F1 = group, F2 = item, * = significant 
	Table 6. Statistics for Experiment 2 (Reproduction). Note: F1 = group, F2 = item, * = significant 
	Table 6. Statistics for Experiment 2 (Reproduction). Note: F1 = group, F2 = item, * = significant 
	Table 6. Statistics for Experiment 2 (Reproduction). Note: F1 = group, F2 = item, * = significant 


	Predictor 
	Predictor 
	Predictor 

	Condition 
	Condition 

	Mean 
	Mean 

	SE 
	SE 

	F1 | F2 
	F1 | F2 

	p1 | p2 
	p1 | p2 

	Span

	 
	 
	 

	Sonority 
	Sonority 

	Markedness 
	Markedness 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Reaction Times 
	Reaction Times 
	Reaction Times 

	Span

	Sonority* 
	Sonority* 
	Sonority* 

	high 
	high 

	 
	 

	-265 
	-265 

	61 
	61 

	6.984 | 0.847 
	6.984 | 0.847 

	0.008 | 0.364 
	0.008 | 0.364 

	Span

	 
	 
	 

	low 
	low 

	 
	 

	-233 
	-233 

	60 
	60 

	 
	 

	 
	 


	Markedness 
	Markedness 
	Markedness 

	 
	 

	unmarked 
	unmarked 

	-259 
	-259 

	67 
	67 

	0.019 | 0.002 
	0.019 | 0.002 

	0.890 | 0.969 
	0.890 | 0.969 


	 
	 
	 

	 
	 

	marked 
	marked 

	-239 
	-239 

	65 
	65 

	 
	 

	 
	 


	Sonority x Markedness 
	Sonority x Markedness 
	Sonority x Markedness 

	high 
	high 

	unmarked 
	unmarked 

	-298 
	-298 

	56 
	56 

	1.312 | 0.160 
	1.312 | 0.160 

	0.251 | 0.692 
	0.251 | 0.692 


	 
	 
	 

	 
	 

	marked 
	marked 

	-232 
	-232 

	68 
	68 

	 
	 

	 
	 


	 
	 
	 

	low 
	low 

	unmarked 
	unmarked 

	-220 
	-220 

	61 
	61 

	 
	 

	 
	 


	 
	 
	 

	 
	 

	marked 
	marked 

	-247 
	-247 

	62 
	62 

	 
	 

	 
	 


	Accuracy 
	Accuracy 
	Accuracy 

	Span

	Sonority* 
	Sonority* 
	Sonority* 

	high 
	high 

	 
	 

	81.3% 
	81.3% 

	2.3 
	2.3 

	60.734 | 15.352 
	60.734 | 15.352 

	< 0.001 | < 0.001 
	< 0.001 | < 0.001 

	Span

	 
	 
	 

	low 
	low 

	 
	 

	56.5% 
	56.5% 

	2.3 
	2.3 

	 
	 

	 
	 


	Markedness* 
	Markedness* 
	Markedness* 

	 
	 

	unmarked 
	unmarked 

	85.1% 
	85.1% 

	1.6 
	1.6 

	104.744 | 26.476 
	104.744 | 26.476 

	< 0.001 | < 0.001 
	< 0.001 | < 0.001 


	 
	 
	 

	 
	 

	marked 
	marked 

	52.7% 
	52.7% 

	3.2 
	3.2 

	 
	 

	 
	 


	Sonority x Markedness* 
	Sonority x Markedness* 
	Sonority x Markedness* 

	high 
	high 

	unmarked 
	unmarked 

	93.5% 
	93.5% 

	1.9 
	1.9 

	6.327 | 1.625 
	6.327 | 1.625 

	0.011 | 0.212 
	0.011 | 0.212 


	 
	 
	 

	 
	 

	marked 
	marked 

	69.0% 
	69.0% 

	4.3 
	4.3 

	 
	 

	 
	 


	 
	 
	 

	low 
	low 

	unmarked 
	unmarked 

	76.8% 
	76.8% 

	3.1 
	3.1 

	 
	 

	 
	 


	 
	 
	 

	 
	 

	marked 
	marked 

	36.3% 
	36.3% 

	3.0 
	3.0 

	 
	 

	 
	 



	 
	Reaction times were filtered for trials where the subject lifted the hands but did not produce the sign immediately and for those that fell two standard deviations above or below the mean (2.3%). Filtered reaction times from only correct trials were analyzed using the linear mixed-effect model. A significant main effect of sonority was found at the group level [F1(1,713) = 6.984, p = 0.008; F2(1,32) = 0.847, p = 0.364] such that high 
	sonority signs [-265 (61) ms] were produced more quickly than low sonority signs [-233 (60) ms]. There was no main effect of markedness [F1(1,713) = 0.019, p = 0.890; F2(1,32) = 0.002, p = 0.969] insofar as both unmarked [-259 (67) ms] and marked [-239 (65) ms] signs were produced equally as fast. However, there was a highly significant effect of familiarity [F1(1,713) = 1407.624, p < 0.0001; F2(1,32) = 170.778, p < 0.0001], where familiar signs [-688 (52) ms] were produced more quickly than novel signs [+1
	 
	 
	Figure 15 shows the mean reaction times (in milliseconds) for low and high sonority signs grouped by whether or not they were familiar (in Experiment 1) or novel. Reaction times are relative to the stimulus offset. Error bars represent ± 1 SE. 
	 
	 Planned t-tests were performed in order to tease apart the interaction effects. In regards to the familiarity effect, it is important to know if there was a high sonority advantage for only familiar signs compared to novel signs. There was a significant effect of sonority for the familiar signs [t(22) = 4.127, p < 0.001] such that high sonority signs [-709 (52) ms] were produced much faster than low sonority signs [-627 (54) 
	ms]. On the other hand, there was no sonority advantage in the reproduction of novel signs [high = 179 (71) ms, low = 160 (67) ms; t < 1]. There was also a difference between familiar and unfamiliar signs for both high [t(22) = 35.825, p < 0.0001] and low sonority [t(22) = 35.242, p < 0.0001], where familiar signs were produced faster than unfamiliar signs.  
	 
	 
	Figure 16 shows the mean accuracy in production for signs collapsed across familiarity, but separated between sonority and markedness.  
	 
	 Accuracy rates were also analyzed using a mixed-effects model, which revealed a main effect of sonority at both levels [F1(1,713) = 60.734, p < 0.001; F2(1,32) = 15.352, p < 0.001] such that high sonority signs [81.3% (2.3)] were produced more accurately than low sonority signs [56.5% (2.3)]. There was a main effect of markedness at both levels [F1(1,713) = 104.744, p < 0.001; F2(1,32) = 26.476, p < 0.001] such that unmarked [85.1% (1.6)] were more accurately reproduced than marked [52.7% (3.2)] signs. The
	 To further tease apart the interaction between sonority and markedness, planned t-tests were performed. Results indicated that all 
	interactions were significant. First, there was a difference between high sonority and low sonority for unmarked handshapes [t(22) =  4.183, p < 0.001] such that high sonority signs (93.4%) were more accurate than low sonority (76.8%) signs when they contained an unmarked handshape. The same was true when they contained a marked handshape [high: 69.1%, low: 36.3%; t(22) =  8.830, p < 0.001]. Second, high sonority signs that contained unmarked handshapes (93.5%) were produced more accurately than marked (69.
	 In Experiment 2 the roles of sonority and handshape markedness on the reproduction of familiar and novel signs by hearing nonsigners were investigated.  It was hypothesized that both sonority and markedness would influence the reproduction of the signs insofar as signs that contained high sonority movements and unmarked handshapes would be easier to produce due to their motoric complexity. By testing the reproduction of familiar signs and the reproduction of novel signs, we were able to test how language e
	suggest that these two interact in a coordinated way. Accuracy data revealed that motoric complexity may also impact sign language production such that marked and low sonority signs were less accurately produced than unmarked and high sonority signs, respectively. In the General Discussion, the implications of both results and how this is important to second language acquisition and sign language processing more generally are discussed. 
	 
	Discussion 
	 The goal of the current study was to investigate the role of sonority and handshape markedness on the perception and reproduction of signs. In Experiment 1 it was found that nonsigners were more accurate at matching signs that contained high sonority movements to their nonobject representations than those with low sonority movements. Additionally, the increased accuracy due to sonority was differentially modulated by handshape markedness. Another important finding is the role of sonority and markedness on 
	Sonority, or the perceptual salience of a linguistic unit, has been shown to influence spoken language acquisition and processing (Broselow 
	& Finer, 1991; Eckman & Iverson, 1993; Gierut, 1999; Ohala, 1999; Tropf, 1987; Yavas & Gogate, 1999). The influence of sonority has also been found to be cross-modal (Brentari et al., 2010). While there has been a great deal of research investigating the impact of sonority on spoken language, there are a number of outstanding questions regarding the relationship between sonority and sign language learning and processing. In the present study a phonetic account of sign language sonority was adopted and the c
	 Similarly, sonority demonstrated a facilitative role in the reproduction of familiar signs. When learners were asked to produce signs that they had just learned, learners showed faster reaction times in the reproduction of familiar signs that contained high sonority movements compared to those that contained low sonority movements. There are at least two possible explanations. First, learners may have encoded the 
	movement features better due to increased attention to salient cues. This would provide for greater feature specificity and learning which would facilitate subsequent sign production. A second possibility is that sonority and motoric complexity are highly correlated such that signs with high sonority movements are less motorically complex. Examining sonority alone may not be able to disambiguate the impact of motor complexity and sonority. However, handshape markedness may allow us to disentangle visual and
	Sonority was not the only perceptual factor that influenced sign acquisition. Handshape markedness provided additional visual and motoric complexity, which interacted with sonority during sign acquisition. The results presented show an interaction between sonority and markedness with high sonority movements and unmarked handshapes being easier to process than signs with low sonority movements and marked handshapes. From Experiment 1 when sonority is low and the handshape is marked there is greater confusion
	uses to acquire various types of knowledge, such as language. In other words, salient features, like uncommon sounds or sonority, are only salient when they are compared to the distribution of other features. When there are varying degrees of saliency, then the learner can pick out those features that are most salient. This general process underlies statistical word learning in children (Yu & Smith, 2007) and adult L2 learning (Laufer & Girsai, 2008).  
	This saliency ratio can be reconceputalized in terms of movement sonority and handshape markedness by including results from this study as well as other studies (e.g., Grosvald et al., 2012). For sign learners, when the full distribution of salient features is present (i.e., high vs. low sonority; marked vs. unmarked handshapes), high sonority signs allow for movement features6 to pop out in the input since high sonority requires more space to be used (e.g., path movements) and larger articulatory gestures 
	6 Movement features are likely not the only features that are salient in high sonority signs. For instance, path movements inherently require location changes. Given the location is often very salient in L2 acquisition, it could be the case that high sonority signs also allow location features to pop out. However, given the design of the present study, we are unable to directly address this theoretical point.  
	6 Movement features are likely not the only features that are salient in high sonority signs. For instance, path movements inherently require location changes. Given the location is often very salient in L2 acquisition, it could be the case that high sonority signs also allow location features to pop out. However, given the design of the present study, we are unable to directly address this theoretical point.  

	allow for easier learning of uncommon sounds/lexical items during language development, as a learner becomes more proficient the marked handshapes may become more salient and easier to learn. This may explain why hearing learners do better on unmarked handshapes whereas deaf signers do better with marked handshapes (i.e., marked handshapes pop out in the input for deaf signers, but are confusing at low levels of sonority for hearing sign learners).  
	The interaction between handshape markedness and sonority was also seen in the reproduction study. The reproduction results mirror the findings in Experiment 1, showing an interaction between sonority and handshape markedness. This suggests that visual characteristics not only influence the perception of signs, but also their reproduction. Given no difference in novel signs in their production as a function of sonority, we can say that sonority is unlikely to be treated as motoric in nature; rather, it is l
	acquisition study alone cannot distinguish between visual and motoric influences, it seems that the difference between the two is driven by the fact that motoric complexity is higher for marked signs (Ann, 2006; Boyes-Braem, 1990), which might decrease motor assembly and execution rates. Therefore, we can posit that the visual salience of marked handshapes is beneficial during learning, but handshape markedness is detrimental during production. These findings support some previous findings that show handsha
	The combined effects of sonority and handshape in the present study, for both learning and reproduction, support a theory of additivity in visual processing. Given that learners must attend to cues in order to encode (and reproduce) signs, it may be advantageous to attend to multiple cues that maximize encoding. Just as combined auditory and visual information expedite processing (as well as many other examples of multiple cues being advantageous to cognitive processing), both sonority and handshape markedn
	 It is important to mention that there may be a possible confound in the present study – a correlation between sonority and number of active articulators (i.e., one-handed versus two-handed). Many of the high sonority signs were also two-handed signs. As such, it may be the case that seeing two hands as active articulators was the driving force behind improved encoding. However, this does not necessarily impact the present results insofar as increased visual salience due to two hands falls in line with our 
	 Additionally, there may be an alternative explanation for the present results. Given that there are various factors that were uncontrolled in the stimulus set (e.g., number of hands, body contact, etc.), learners might have followed a strategy to minimize effort by noting the most important distinguishing characteristics needed to succeed in learning, and not the salient phonetic features that were being tested. However, this is highly unlikely given that the learner would have to remember a large number o
	shared that feature (e.g., HIGH-SCHOOL & FURNITURE) there would be a high confusion rate. As we see, this is not the case. In fact, inspection of those signs that were confused with one another revealed that often there were various differences between them. The sign pairs that were most confused did not have a common overlapping feature; instead each pair had a different feature in common. For example, PUZZLED and ASK share handshape (i.e., F), HIGH-SCHOOL and JOIN share major location (i.e., neutral space
	The results of the present study may also inform the overarching theories of sign language phonology. Given the phonetic account of sonority (based on articulating joint and movement characteristics; Brentari, 1990; Sandler, 1993) it may be the case that naïve learners attune to movement features more specifically. In other words, naïve learners may be attuned to the phonetic correlates of sonority. Although we cannot rule out the possibility that learners are also sensitive to typological or allowable patt
	still use phonetic (and not necessarily phonological) cues when learning, especially given that they are unaware of the frequency distributions or phonotactics of sign language (cf. Corina, 1993). Again, more research is needed to further explore the cues used during the initial stages of acquisition. 
	Not only do the results from the present study inform theories of sign phonology, but also theories on lexical access in sign language. Gating studies have demonstrated that access to phonetic-phonological information occurs early within the sign, with lexical access occurring before the entire sign in completed — often within the first 300 milliseconds (Emmorey & Corina, 1990; Morford & Carlson, 2011). In the present study, familiar signs were produced before the end of the target stimulus, while novel sig
	Beyond theoretical insights, the present study may also have a practical impact. The results from the present study lend themselves to future research on second language acquisition and pedagogy. Previous studies have shown that movement is harder to acquire than other 
	sublexical features (Bochner et al., 2012). However, this study has shown that signs are accurately acquired (~91%) if they contain high sonority movements. Thus, if high sonority signs can be taught first, learners may be able to encode movement characteristics much more easily. The encoding of movement features may help with the acquisition of certain signs. Moreover, this may have positive effects downstream in terms of production development. Along the same vein, late L2 learners master handshape featur
	  
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Chapter 6: Discussion: Modality Adaptation Hypothesis 
	 
	 
	The aim of this dissertation was to provide some emerging neurobiological and psycholinguistic evidence that advances a new hypothesis that hearing adults lack efficient modality-specific neurocognitive processing routines to support sign language processing and acquisition. This dissertation drew upon already published data from various areas to provide support for this hypothesis, including four published works from our lab. In this section, support for the Modality Adaptation Hypothesis (MAH) will be rec
	 
	Modality Adaptation Hypothesis 
	 The MAH posits that hearing adults are hindered from rapidly and efficiently acquiring sign language due to having spent a lifetime refining and automatizing modality-specific aural-oral mechanisms in order to process language with only auxiliary support from the visual-manual modality. Hearing individuals’ neurocognitive system is highly attuned to sequentially ordered acoustic information (Burton, Small, & Blumstein, 2000; Zatorre, Evens, Meyer, & Gjedde, 1992; Zatorre, Meyere, Gjedde, & Evens, 1996), wh
	linguistic units (Emmorey, 2001; Sandler & Lillo-Martin, 2006)7. Consequently, sign language acquisition and processing depends on both sequentially and simultaneously ordered linguistic information. This divergence between language modalities and the unbalanced allocation of neurocognitive resources produces a significant roadblock in sign language acquisition. Namely, second language learners have difficulty with acquiring the movement parameter, which is consequently important for phonological and, espec
	7 The use of “primary” is important here. This discussion will largely ignore the fact that speech is multimodal and often accompanied by co-speech gesture. It is argued that these multimodal cues, including co-speech gesture, are complementary, or to a certain extent redundant, to the acoustic signal and are ultimately not necessary for spoken language processing, even if they do ultimately aid in perception and production in various scenarios. However, I will touch on co-speech gesture transfer in M2L2 ac
	7 The use of “primary” is important here. This discussion will largely ignore the fact that speech is multimodal and often accompanied by co-speech gesture. It is argued that these multimodal cues, including co-speech gesture, are complementary, or to a certain extent redundant, to the acoustic signal and are ultimately not necessary for spoken language processing, even if they do ultimately aid in perception and production in various scenarios. However, I will touch on co-speech gesture transfer in M2L2 ac

	 The first set of experiments from Chapters 2 and 3 provided evidence of sign language induced neuroplasticity and neural biomarkers of M2L2 success. Hearing adults showed relatively little differentiation in the activation patterns between viewing ASL sign and a simple fixation baseline when first exposed to sign language, despite performing a phonological categorization task. However, with subsequent exposure to sign language, the learners showed increased activation to bilateral parietal and temporal-occ
	for review). As such, it is posited that these learners were showing extensive neuroplasticity in their modality-specific visual-manual processing of sign language. Furthermore, a subsequent study revealed that those learners who had poor lexicosemantic acquisition required greater neural recruitment in these same regions (i.e., temporoparietal junction, middle temporal gyrus), suggesting less efficient neural mechanisms in movement-related processing when viewing sign language.  
	 
	 
	Figure 17 shows a preliminary Partial Least Squares analysis on the longitudinal data from Chapters 2 and 3. The analysis examined whether the functional connectivity changed as a function of greater sign language experience and whether expression of given connectivity patterns could predict sign language proficiency. The results showed that there was neuroplasticity in the functional connectivity in the right temporoparietal cortex. Additionally, this increased connectivity pattern was able to predict 
	vocabulary acquisition insofar as those learners who had better functional connectivity in right temporoparietal cortex also had proportionally larger growth in vocabulary knowledge (r = 0.4, p = 0.04). 
	 
	Other researchers have found similar results when examining the neural correlates of sign language proficiency in the brain. It has been suggested that the right temporoparietal cortex may act as a biomarker for sign language proficiency. A. Newman and colleagues (2001) suggested that only high proficiency signers, monolingual or bilingual, recruit the right angular gyrus for sign language processing. In fact, pilot data from our lab (see Figure 17) shows that there is a large amount of neuroplasticity in t
	signers. This pattern of results suggests that the right temporoparietal cortex may be a potential biomarker for sign language proficiency; more importantly, however, it also suggests that visuospatial and motion processing deficits are biomarkers of sign language proficiency, which lends support to the MAH. 
	Not only have neurobiological findings supported the idea of visuospatial and motion processing deficits in learners, but also behavioral studies have shown a consistent and robust deficit in movement-related processing. Bochner and colleagues (2011) was one of the first studies to nicely delineate movement processing deficits in M2L2 learners using psycholinguistic (and standardized) measures. Bochner et al. found that M2L2 learners showed dramatic difficulty discriminating between signs that differed in t
	which suggests that the M2L2 model likely produced altered movement which directly impacted the interlocutors’ poor movement perception. Together, psycholinguistic and neurobiological data suggest that visuospatial and motion processing, which are key modality-specific features of sign language, are difficult to acquire and learners require drastic neuroplastic reorganization in order to accommodate for these modality-specific features.  
	It may be the case that if a learner has experience with visuospatial or motion processing that they may be better sign language learners. Two previous studies have shown that learners capitalize on co-speech gesture in order to acquire sign language (Brentari et al., 2012; Chen Pichler, 2011). It might be the case that learners who are used to attending to and producing gesture are better learners because their neurocognitive mechanisms are robustly efficient and automatized. This will be discussed more in
	may be the case that learners pick an incorrect learning strategy when acquiring sign language in that they focus on hand configuration and palm orientation. In fact, may previous studies have found an overreliance on attention to handshape when first learning sign language (Emmorey et al., 2009; Geer, 2016; Grosvald et al. 2012; Morford & Carlson, 2011). Therefore, these processing deficits may be in part due to the extant neurobiological structure and function of the learner, but also could be due to inco
	In conclusion, the vast differences in language modalities and their optimal processing strategies (i.e., simultaneous vs. sequential) lead to deficits in visuospatial and motion processing in late hearing adult learners of sign language. The Modality Adaptation Hypothesis (MAH) was developed in order to characterize these patterns and is supported by emerging neurobiological and psycholinguistic data, which was presented herein. Evidence suggests that perhaps there are potential neural biomarkers for sign 
	language learning, modality differences, and second language pedagogy. Future work is needed in order to validate the MAH and to create possible interventions to reduce such deficits. 
	 
	Implications and Future Work 
	 As previously mentioned, the Modality Adaptation Hypothesis (MAH) has both theoretical and practical implications. On a theoretical note, the MAH supports the idea that learning second languages alters the neurocognitive system in meaningful and dramatic ways (e.g., Li et al., 2014). Never reported before, I can posit that learning a language in a new modality might drastically alter the neurocognitive system to a greater extent than within-modality acquisition – similar to what is seen with cross-modal pl
	 Future work is needed to replicate, validate, and refine the MAH in order to provide a clear theoretical framework for sign language acquisition and neuroplasticity. Additionally, it might be important to understand whether these deficits really generalize to all motion processing (e.g., actions) or whether semantic movements that are linguistically relevant are only affected. In order to contribute to the MAH possible predictors for sign language outcomes might be needed. For 
	example, is it the case that more frequent gesturers are better sign language learners due to positive transfer from their L1 co-speech gesture system to their L2 sign system? Lastly, it is crucial that we find potential interventions to aid in the reducing the nefarious effects that are implied by the MAH. For example, perhaps neuro-hacking (e.g., transcranial magnetic stimulation or transcranial direct current stimulation) could be included in sign language programs. Other possibilities could include deve
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