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ABSTRACT

Language and music are multi-modal sensory systems which humans are exposed
to on a daily basis. Both of these systems are characterized as possessing syntax, or a set
of principles that dictate how the smallest discrete syntactic units (e.g., words or musical
notes) can be combined to form larger elements (e.g., sentences or chord progressions).
According to the Shared Syntactic Integration Resource Hypothesis (Patel, 2003; 2008),
these syntactic units in language and music are stored in distinct neural regions from one
another, whereas the resources used to process syntax in language are the same as those
used to process syntax in music.
In the present dissertation, I used behavioral and electrophysiological (eventrelated potentials) methodologies to test the Shared Syntactic Integration Resource
Hypothesis (SSIRH) and examine whether cognitive control is used to process syntax in
music, and whether intensive prior experience with syntactic management (Experiments
1A and 1B) and auditory processing (Experiment 2) in language and music can influence
how cognitive control is engaged during syntactic processing in music. Moreover, I
examined whether different syntactic structures within and across language and music
engage similar cognitive resources, as well as whether the time course of syntactic
processing is similar or different for these structures in language and music (Experiment
3).
Chapter 1 sets the theoretical and empirical stage for the experiments reported in
Chapters 2-5 in this dissertation. In Chapter 1, I provide a broader theoretical and
empirical context for the reported experiments by describing different theories that have
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been proposed to describe syntactic processing in music and language, including the most
prominent and most-frequently tested SSIRH and the executive function perspective, as
well as alternative accounts that have been proposed that specify the executive function
perspective in terms of attention, working memory, and cognitive control. I also review a
wider range of behavioral and neurocognitive studies on syntactic processing in music
and language to provide the reader a broader empirical context to position the empirical
studies I conducted.
Chapters 2 – 5 are empirical chapters that are written in journal article format.
Each of these chapters contains its own General Discussion section in which the
theoretical and empirical implications of the experiment(s) are discussed. Chapter 6 is a
general conclusion chapter that summarizes the main findings of Chapters 2 – 5 and
provides a more overarching discussion of the theoretical and empirical implications of
the experiments conducted for my dissertation, followed by suggestions for future
research.
Chapters 2 and 3 report Experiments 1A and AB, respectively. In Experiment 1A,
Dutch-English bilingual musicians and non-musicians and English monolingual
musicians and non-musicians completed an adapted version of the Stroop task in their
native language (Dutch and English, respectively) during which the classic color-word
Stroop task was paired with the presentation of chord progressions. Bilingual musicians
were faster to respond across visually congruent and incongruent trials as compared to
the other three groups. As expected, participants were also slower on visually incongruent
trials than on congruent trials. However, I did not observe the predicted interference
effect, which would suggest that cognitive control is engaged during syntactic processing
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in music. I also did not observe an effect of prior experience with syntactic management
in language, music, or both on how cognitive control is engaged. In Experiment 1B, I
explored whether Experiment 1A’s lack of interference effect was due to task
instructions. In particular, I changed the instructions of the adapted Stroop task so that
participants had to more actively process the musical syntax, allowing me to test Slevc
and Okada’s (2015) hypothesis that cognitive control is only engaged during active
syntactic processing in music when conflict detection and resolution is involved.
Interestingly, English monolingual non-musicians still did not produce the predicted
interference effect. Collectively, the findings from Experiments 1A and 1B suggest that
cognitive control, as measured by the adapted Stroop task, was not engaged during
syntactic processing in music, even when there is active syntactic processing in music.
Chapter 4 reports Experiment 2 in which Chinese-English bilingual musicians and
non-musicians completed the adapted Stroop task given in Experiment 1A, in their native
language (Chinese). As in Experiment 1A and 1B, participants were slower on visually
incongruent trials than on congruent trials, but did not experience the predicted
interference effect. I also did not observe an effect of prior experience with auditory
processing above and beyond the effect of prior experience with syntactic management in
language, music, or both on how cognitive control is engaged. This pattern of findings
replicates those from Experiments 1A and 1B. Combined with the findings from
Experiment 1A, it appears prior experience with neither syntactic management nor
auditory processing able to modulate cognitive control use.
Chapter 5 reports Experiment 3 where I examined the time course for syntactic
processing of language and music. In particular, I examined whether the time course is
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similar or different for processing different syntactic structures (violations and
ambiguities) within and across language and music. English monolingual non-musicians
listened to spoken sentences and auditory chord progressions and completed linguistic
and musical acceptability tasks while event-related potentials were recorded. Overall,
participants showed different ERP patterns in response to the ambiguities and violations
within and across language and music. In language, participants showed a closure
positive shift in response to the prosodic break preceding the ambiguity and a classic
posterior positivity (P600 effect) in response to the violation. In music, participants were
not sensitive to the ambiguity and did not show a specific ERP component in response to
its presentation. Participants showed a classic negativity (N500 effect) in response to the
violation. These findings refute the SSIRH’s prediction that there are shared resources
underlying syntactic processing in language and music. Instead, these findings suggest
different syntactic structures (ambiguities and violations) engage different processing
resources.
The three experiments in the present dissertation did not find evidence to
conclusively support the Shared Syntactic Integration Resource Hypothesis. It appears
that cognitive control, as measured by the adapted Stroop task, was not engaged during
syntactic processing in music. Furthermore, it appears that different syntactic structures
within and across language and music engage different processing resources. In sum, the
present behavioral and electrophysiological findings add to the growing body of literature
suggesting that the Shared Syntactic Integration Resource Hypothesis needs to be
updated to better be able to predict the nuances of syntactic processing in language and
music.
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Chapter 1
Introduction
Language and music are multi-modal sensory systems which humans are exposed
to on a daily basis. These systems share a number of defining characteristics, including
their structure or syntax. In language, syntax refers to the set of principles that dictate
how the smallest discrete syntactic units (words) can be combined to form larger
elements (sentences). In music, there is less agreement over the definition of syntax.
According to the Generative Theory of Tonal Music, syntax refers to the harmonic
structure, which is hierarchical and recursive (GTTM; Lerdahl & Jackendoff, 1999). Only
certain chord functions can be omitted from a sequence such that the structure remains
intact. The GTTM depicts musical syntax through the use of tree structures, which
parallel those structures used in linguistics. However, there are actually multiple discrete
structural and hierarchical sound units in music (for a review, see Slevc, 2012). Thus,
syntax in music can also be thought of in terms of tone, prosody, and even rhythm and
meter (e.g., Heffner & Slevc, 2015; Jung, Sontag, Park, & Loui, 2015; Slevc & Okada,
2015). Harmonic structure remains the most often used counterpart to linguistic syntax
and it will be the definition of musical syntax used throughout this thesis. Given that
syntax exists in language and music, I examined whether the same cognitive resources
are used to process syntax in both domains and whether processing syntactic structures in
language and music have similar time courses. Moreover, I examined whether intensive
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prior experience with syntax in these domains can influence the resources engaged during
syntactic processing.
In this general Introduction, I will provide a broader theoretical and empirical
context for the reported experiments by describing different theories that have been
proposed to describe syntactic processing in music and language. I will also review
behavioral and neurocognitive studies on syntactic processing in music and language to
provide the reader a broader empirical context to position the empirical studies I
conducted for my thesis. The outline of this chapter is as follows. I will first introduce the
Shared Syntactic Integration Resource Hypothesis. This hypothesis is the predominant
model accounting for the relationship between syntactic processing in language and
music and the hypothesis that I tested in the present dissertation. Afterward, I will present
behavioral and neurophysiological studies that examine the hypothesis’s prediction that
syntactic processing in language engage the same resources as syntactic processing in
music and that these resources are not used for semantic processing in language. I will
then review the possible role of three different domain-general mechanisms during
syntactic processing.
Each of the experiments that were conducted as part of this dissertation, reported
in Chapters 2-5, will also include an introduction. These introductions will be more
focused toward the specific research questions being tested in each experiment.
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Diverging accounts of the neural representations of syntax
Our understanding of the relationship between linguistic and musical syntax, and
how syntax is represented in the brain was originally founded on neuropsychological data
(Peretz, 1993; for a review, see Peretz & Coltheart, 2003). Data from lesion studies report
cases in which individuals suffer from impaired harmonic processing, but possess intact
processing in the linguistic domain (Peretz & Coltheart, 2003). Slevc, Faroqi-Shah,
Sexana, and Okada (2016) provide an example of the reverse case in which a former
musician with agrammatic aphasia suffering from impaired linguistic processing
demonstrates intact harmonic processing. On the other hand, there is neuropsychological
data to suggest significant overlap in certain aspects for linguistics and musical
processing, such that deficits in processing in one domain can be accompanied by deficits
in the other domain. For example, Patel, Iversen, Wassenaar, and Hagoort (2008)
compared performance between agrammatic aphasics and healthy control participants on
a set of explicit and implicit harmonic judgment tasks and found impaired syntactic
processing on both tasks for the aphasics as compared to the control participants.

The Shared Syntactic Integration Resource Hypothesis
In order to help reconcile these contradictory findings that simultaneously raise
the possibility for domain-specificity and neural overlap, Patel (2003) proposed the
Shared Syntactic Integration Resource Hypothesis (SSIRH). The SSIRH is a resourcesharing framework defined by two principles. First, the model proposes that syntactic
representations in language and music are distinct from one another. These
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representations are proposed to be located in posterior regions of the brain, but the
particular areas were never specified. Second, the model proposes that the brain shares
neural resources when similar cognitive operations are being conducted, such that the
resources used to process syntax in language are the same as those used to process syntax
in music. Contrary to the representations located in posterior regions, these resources are
proposed to be located in frontal regions of the brain, but the particular areas were never
specified. So, the SSIRH makes a distinction between neural areas that support the
representation of music and language (representation networks, located in posterior
regions of the brain) and neural areas that support shared cognitive resources to process
music and language (cognitive resources networks, located in frontal regions of the
brain).
Assuming that the cognitive resources used to process syntax are limited in their
processing capacity (Gibson, 1998), the SSIRH predicts that cognitive resources are
taxed during concurrent syntactic processing of music and language, such that increased
neural activation, exaggerated response times, and reduced accuracy will be observed for
tasks that involve concurrent linguistic and musical syntactic processing as compared to
tasks that involve either linguistic or musical syntactic processing alone. Syntactic
integration is also proposed to be more effortful when the new elements (e.g., words or
chords) that are being integrated need to be linked to past dependents that are distantly
located. Critically, shared resources only pertain to syntactic processing and not to other
kinds of processing, such as semantic processing or pitch processing.
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Studies testing the SSIRH’s prediction of interference effects
Much of the research testing the SSIRH has tested the prediction that concurrent
syntactic integration results in interference effects (e.g., Fedorenko, Patel, Casasanto,
Winawer, & Gibson, 2009; Fiveash and Pammer, 2014; Hoch, Poulin-Charronnat, and
Tillmann, 2011; Perruchet & Poulin-Charronnat, 2013; Slevc, Rosenberg, & Patel, 2009).
Typically, studies have paired the presentation of harmonic and linguistic sequences in
order to investigate the influence of musical syntax on syntactic processing in language.
For example, Slevc, Rosenberg, and Patel (2009) observed an interference effect between
syntactic processing in language and syntactic processing in music, but not between
semantic processing in language and syntactic processing in music. Participants
completed a self-paced reading task measuring reading times of syntactic garden path
sentences and of sentences containing semantically manipulated information. Both types
of sentences were paired with the presentation of musical chord progressions.
Traditionally, garden path sentences contain a syntactically unexpected, but
grammatically correct structure that requires the reader to reinterpret the sentence in order
to make sense of this structure once it has been encountered. For example, in the sentence
“After the trial, the attorney advised the defendant was likely to commit more crimes”,
the reader initially parses the attorney as advising the defendant. It is only once the rest of
the sentence is presented that the reader realizes they have parsed the sentence incorrectly
and must reinterpret the sentence to understand that the attorney is advising other people
(perhaps the jury) in this scenario. For the semantically unexpected condition, sentences
contained a highly expected (high cloze) or unexpected (low cloze) word in order to test
the SSIRH’s claim that only syntactic processing interacted between language and music,
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whereas semantic processing in language and syntactic processing in music should not
interact.
Sentences were presented on the computer screen segment-by-segment with each
segment triggered by the participant’s button press. The critical segment of the syntactic
garden path was a reduced sentence complement (e.g., “After the trial, the attorney
advised the defendant was likely to commit more crimes”). A musical chord that was
played out loud accompanied each sentence segment. The critical chord was
harmonically unexpected and came from a distant key as compared to the rest of the
progression (three, four, or five steps away on the circle of fifth). Slevc et al. (2009)
observed that reaction times in the critical region were longer for both garden path
sentences and sentences containing semantically unexpected words as compared to
control sentences for either condition. Critically, only syntactic expectancy, and not
semantic expectancy, interacted with harmonic expectancy. These findings support the
SSIRH and suggest there are shared resources for syntactic processing in language and
music, but not for semantic processing in language and syntactic processing in music.
Hoch, Poulin-Charronnat, and Tillmann (2011) investigated syntactic and
semantic processing in language and whether either share resources with syntactic
processing in music by administering a new paradigm and different linguistic
constructions. In Slevc et al. (2009), segments of a sentence were presented on the screen
at the same time as when chords from a musical progression were presented out loud.
However, in Hoch et al. (2011), participants read sentences, one syllable at a time, and
completed a lexical decision task on the sentence-final word. Presentation of musical
chord progressions was concurrent with that of the sentence. Sentences contained a
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critical word whose gender or semantic expectancy was manipulated. Chord progressions
contained a critical chord whose harmonic expectancy was manipulated. An interference
effect was observed between syntactic processing in language and syntactic processing in
music, but not for semantic processing in language and syntactic processing in music.
These findings replicate and extend Slevc, Rosenberg, and Patel’s (2009) findings using a
different study design to suggest there are shared resources for syntactic processing in
language and music, but not for semantic processing in language.
Other studies investigating whether interference effects exist between linguistic
and musical processing have chosen to present syntactic information in language and
music in only one stream of information. For example, Fedorenko et al. (2009) used sung
stimuli and manipulated the linguistic and musical syntactic complexity of these stimuli.
Participants completed a self-paced, phrase-by-phrase listening task and answered
comprehension questions based on the propositional content of the sentences. Sentences
were all grammatically correct, containing either a subject-extracted (e.g., “The boy that
helped the girl got an “A” on the test”) or object-extracted clause (e.g., “The boy that the
girl helped got an “A” on the test). Stimuli were sung all in-key, all in-key except for one
out-of-key note, or all in-key with one note sung at an increased volume level. Based on
previous literature demonstrating that non-local structural dependencies are a source of
difficulty for structural integration (e.g., Gibson, 1998), Federenko et al. predicted that
object-extracted clauses would be harder to process than subject-extracted clauses,
because object-extracted clauses contain non-local dependencies, whereas subjectextracted clauses only contain local dependencies. Furthermore, Federenko et al.
predicted accuracy on the comprehension questions would be reduced for the paired
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presentation of object-extracted clauses with the out-of-key condition as compared to the
paired presentation of subject-extracted clauses with the out-of-key condition if the
processing resources engaged during their task were overlapping.
Federenko et al. found that participants were less accurate answering the
comprehension questions for object-extracted sentences as compared to subject-extracted
sentences. Furthermore, Federenko et al. observed the interaction that in our view
supported the SSIRH, such that the difference in performance for subject- versus objectextracted sentences was greater for the “all in-key except for one out-of-key note”
condition than for either the “all in-key” or “all in-key with one note sung at an increased
volume level” condition. Follow-up analyses confirmed that syntactic processing in
language only interacted with processing the “all in-key except for one out-of-key note”
condition and not with processing the “all in-key with one note sung at an increased
volume level” condition. Overall, these accuracy data provide support for the SSIRH’s
prediction of an interaction between syntactic complexity in language and music and a
lack of a similar interaction between syntactic complexity in language and a nonsyntactic manipulation in music, which the researchers interpreted as reflecting overlap
between linguistic and musical processing resources for syntax. Furthermore, the use of
all grammatically correct sentences allowed the researchers to conclude that not only
does processing of syntactic violations rely on shared resources, but also processing of
syntactically well-formed sentences.
At the same time, a growing body of literature testing the SSIRH does not entirely
support the claim that there are shared resources that exist only for syntactic processing
(e.g., Koelsch, Gunter, Wittfoth, & Sammler, 2005; Perruchet & Poulin-Charronnat,
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2013). For example, Perruchet and Poulin-Charronnat (2013) used the same paradigm
and musical stimuli as Slevc, Rosenberg, and Patel (2009) but with semantically
manipulated stimuli: semantic violations and semantic garden path sentences. In
particular, Perruchet and Poulin-Charronnat replaced the syntactic garden path sentences
used in Slevc et al. (2009) with semantic garden path sentences, which contained
semantically ambiguous words instead of syntactically unexpected structures. For
example, in a semantic garden path sentence, such as “The old man went to the bank to
withdraw his net which was empty”, the reader is unsure of whether the word “bank”
refers to a financial establishment or the side of a river until the phrase “his net” is
encountered. As in Slevc et al.’s study, the critical word segments were paired with chord
progressions played out loud.
Participants were slower to respond to semantic violations and semantic garden
path sentences as compared to their respective control conditions. Unexpectedly,
Perruchet and Poulin-Charronnat still observed an interference effect for the semantic
garden path sentences. Perruchet and Poulin-Charronnat did not observe an interference
effect for the semantic violation sentences. The presence of an interference effect for the
semantic garden path sentence refutes the strict interpretation of the SSIRH that shared
resources (and an interference effect) are only observed during syntactic processing in
language and music. Instead, the interference effect suggests that shared processing
resources for syntax may extend to semantic processing in language when semantic
information is presented in a garden path configuration.
Perruchet and Poulin-Charronnat proposed an attentional resources-based account
to explain their unexpected findings. As a result of the task instructions in their study
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(and the instructions in Slevc, Rosenberg, and Patel, 2009), attentional resources are
primarily dedicated toward processing the linguistic, written material. Linguistically
complex stimuli would therefore require the majority of the attentional resources. When
complex stimuli are encountered, such as semantic violations, there should be few
attentional resources left over and available to process the music, causing the interference
effect to disappear. For example, a reader’s attentional mechanisms will be too focused
on trying to reanalyze and integrate the semantic information “angry pigs” into the larger
sentence context in “The boss warned the mailman to watch for angry pigs when
delivering the mail” to have residual resources available to process the musical stimuli.
According to Perruchet and Poulin-Charronnat, this kind of semantic violation would
require so many attentional resources because a violation will cause an interruption in the
processing of the sentence that can never be corrected. That is, an individual will never
expect the word “pigs” to follow the word “angry” given the semantic context involving a
mailman, and so an individual’s best efforts will never be enough to resolve this kind of
incongruence. On the other hand, Perruchet and Poulin-Charronnat propose that a
syntactic garden path or a semantic garden path sentence would require less attentional
resources, because the ambiguous information can ultimately be successfully integrated
into the larger sentence context after the first-pass reading has been reparsed, leaving
residual resources still available to process the musical stimuli and making an
interference effect possible. According to this attentional resources-based hypothesis, an
interference effect was observed in Perruchet and Poulin-Charronnat (2013) and in Slevc,
Rosenberg, and Patel (2009) because when garden path sentences were being processed
(semantic and syntactic, respectively), there were still sufficient residual resources
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available to process the music. In other words, the attentional resources-based hypothesis
predicts an interference effect when there are enough attentional resources left over to be
shared between language and music, thereby removing the restraint from the shared
resources being specific to syntactic processing. To this end, Perruchet and PoulinCharronnat’s (2013) findings refute the SSIRH’s strict prediction that language and
music rely on shared resources only for syntactic processing and instead shared resources
can exist also for semantic processing.
Kunert, Willems, and Hagoort (2016) recently examined the effects of linguistic
syntax on music perception, which is the opposite direction of previous studies where the
effects of music perception on linguistic syntax were of primary interest. In particular,
Kunert and colleagues tested Patel’s (2003) SSIRH against Perruchet and PoulinCharronnat (2013)’s attentional resources-based account and Poulin-Charronnat et al.’s
(2005) dynamic attending explanation According to the dynamic attending explanation,
there some elements of music whose job it is to capture the listener’s attention and any
information presented concurrently with these kinds of attention-grabbing musical
elements will benefit and receive the same degree of heightened attention. (Both accounts
will also be explained in more detail later in this chapter.) Kunert and colleagues noted
that Perruchet and Poulin-Charronnat (2013)’s account emphasizes that an interaction is
only observed if there are enough attentional resources available to process both streams
of information, whereas Poulin-Charronnat et al.’s explanation hinges on the effects of
musical harmony capturing the listener’s attention. This account removes the emphasis
from music harmony being a necessitating factor.
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Experiment 1 examined the effects of concurrent syntactic processing in language
and mathematical processing on harmonic perception. Participants performed two tasks
simultaneously: an auditory music task paired with a language task or a mathematic task.
Participants judged the closure of the musical stimulus a 7-point Likert scale after each
trial and completed a linguistic or mathematic comprehension task after a third of the
trials. The SSIRH predicts that only the concurrent syntactic processing task (and not the
mathematic task) would interfere with performance on the musical auditory task, whereas
the dynamic attending explanation and the attentional resources-based account predict
that the mathematical task could also affect the music task. Specifically, the dynamic
attending explanation predicts interference between the main auditory musical task and
the accompanying language (or mathematic) task if the musical stimuli capture the
listener’s attention. The attentional resources-based account predicts interference if there
are enough resources left over from the main auditory musical task to complete the
accompanying language or mathematic task.
Musical stimuli consisted of chord progressions containing a key modulation
whose final chord either ended in the first or the second key. Linguistic stimuli consisted
of three sentence types of varying difficulty: syntactic garden path sentences with high
difficulty, unambiguous sentences with intermediate difficulty, and unambiguous
sentences with low difficulty. Math stimuli also consisted of three levels of difficulty,
which was determined by the kinds of operations involved and the values of the
operators. All equations consisted of 7 numbers and 7 operations each. The type of
concurrent task being performed was blocked.
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In the concurrent harmonic-syntax task, participants provided lower closure
ratings for syntactic garden path sentences as compared to less syntactically difficult
sentences. Closure ratings for syntactic garden path sentences did not differ depending on
whether the accompanying final chord belonged to the first or second key, suggesting that
there is a general effect of syntactic processing in language on harmonic processing. In
the concurrent harmonic-math task, participants provided similar closure ratings for hard
and easy mathematic operations. Closure ratings for the different mathematic operations
did not differ depending on whether the accompanying final chord belonged to the first
key or second key, suggesting there was no effect of mathematical processing on
harmonic processing. Overall, these findings showed that a concurrent syntactic
processing task, and not a mathematical task, affects harmonic perception as measured by
lower closure ratings for syntactic garden path sentences and therefore supports the
SSIRH’s prediction that only a syntactic challenge in language would overlap with
syntactic processing in music.
Experiment 2 examined whether the specificity of the language condition affects
harmonic processing by including object- and subject-relative clauses as a new syntactic
contrast. In addition, Experiment 2 examined whether semantic processing affects
harmonic processing. The predictions for Experiment 2 followed the same line of
reasoning as in Experiment 1. The SSIRH predicts that only the concurrent syntactic
processing task would interfere with performance on the musical auditory task, whereas
the dynamic attending explanation and the attentional resources-based account predict
that the semantic task could also affect the music task. Participants again performed two
tasks simultaneously. However, this time the auditory music task was paired with a
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syntactic or a semantic task. Syntactic stimuli now featured object- and subject-relative
clauses. Semantic stimuli featured sentences containing a semantically ambiguous word
or all unambiguous words, much like the semantic garden path stimuli used in Perruchet
and Poulin-Charronnat (2013).
In the concurrent harmonic-syntax task, participants provided lower closure
ratings for object-relative clauses as compared to subject-relative clauses and for first key
endings as compared to second key endings. In the concurrent harmonic-semantic task,
participants provided similar closure ratings for semantically expected and unexpected
sentences and lower closure ratings for first key endings as compared to second key
endings. These patterns of findings replicate those from Experiment 1 in which only the
concurrent syntactic processing task interfered with the main auditory musical task.
The findings from Kunert, Willems, and Hagoort (2016) support the SSIRH’s
prediction that harmonic perception should be affected only if the concurrent task
involves a syntactic manipulation. Indeed, neither the concurrent mathematic nor the
semantic processing task had an effect on harmonic perception. Furthermore, the
dynamic attending explanation predicted interference for maximally attention-grabbing
music presented concurrently with information from the other task, which was the case in
every trial. Still, no interference was observed between the accompanying mathematic
and semantic tasks with the main auditory musical task. The attentional resources-based
hypothesis predicted interference when there were enough resources left over from the
main auditory musical task to complete the accompanying task, yet it was not the case
that closure ratings for the musical task were affected by the accompanying task
difficulty. Overall, these findings refute both attentional accounts. By using a musical
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measure of interest, Kunert et al.'s findings also suggest that language affects music
perception, thereby extending earlier findings that reported that music affects language
processing.

The OPERA model and music’s effect on neural encoding of speech
Given the evidence that suggests a broader relationship between language and
music than originally proposed in the SSIRH, I will now discuss two lines of research
that have been proposed to help advance our understanding of the relationship between
language and music. First, Patel (2011; 2014) has proposed a new model, separate from
the resource-sharing framework he proposed in the SSIRH. This model is not intended to
discredit the SSIRH and instead seeks to explain more recent studies reporting that
musical training results in enhanced neural encoding of speech. In particular, this model
hinges on five tenets: Overlap, Precision, Emotion, Repetition, and Attention (OPERA;
Patel, 2011; 2014). According to the OPERA model, musical processing does not always
involve these five conditions. However, upon all of the conditions being met, the
processing network is engaged to a greater degree than it typically is engaged during
speech processing. The OPERA model is therefore able to predict when enhanced
subcortical measurements are reported for musicians as compared to non-musicians. In
comparison to the number of studies that have investigated the SSIRH and the
relationship between syntactic processing in language and music in recent years, the
OPERA model has hardly been empirically tested since its proposal in 2011 (for a brief
review of this literature, see Experiment 2’s Introduction).
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Shared resources of syntactic processing of language and music:
Attention, working memory, and cognitive control
In recent years, studies have begun to identify cognitive mechanisms that might
be the shared resources described in the Shared Syntactic Integration Resource
Hypothesis. This research has resulted in the identification of three possible shared
resources: attention, working memory, and cognitive control. I will now discuss studies
that have examined each of these mechanisms and their involvement in syntactic
processing in language and music.

Potential shared resource of syntactic processing: Attention
Attention is a domain general mechanism particularly useful in complex
environments where there are multiple streams of information and individuals need to
attend to just one. Given that many behavioral studies test the SSIRH using cross-modal
paradigms where multiple streams of information (linguistic and musical) are presented
at the same time, it is plausible that attention is a domain general mechanism also shared
between syntactic processing in language and music. In addition to Perruchet and PoulinCharronnat’s (2013) attentional resources-based hypothesis which predicts that
interference is observed whenever there are enough resources left over from the main
task to process additional information, Poulin-Charronnat, Bigand, Madurell, and
Peereman (2005) and Maidhof and Koelsch (2011) have proposed that attention is a
mechanism shared between language and music.
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Poulin-Charronnat et al. (2005) examined the effects of harmonic processing on
semantic processing. The researchers were not testing syntactic processing, nor were they
specifically interested in the SSIRH. Instead, Poulin-Charronnat et al. were focused on
understanding the modularity of language and music. Words were presented visually, one
syllable at a time, at the same time as chords from a progression were presented out loud.
The critical word in the sentence was manipulated to be either semantically expected or
unexpected with the sentence context; the critical chord in the progression was either
harmonically expected or unexpected. Participants completed a lexical decision task on
the critical word, which was presented at the same time as the critical chord. Based on the
only previous study manipulating the harmonic structure in vocal music (Bigand,
Tillmann, Poulin, D’Adamo, & Madurell, 2001), Poulin-Charronnat et al. predicted that
harmonic information would affect performance on the lexical decision task if processes
were domain-general rather than modular. Specifically, lexical decisions should be faster
and more accurate for words presented with harmonically expected chords as compared
to words presented with harmonically unexpected chords.
Participants were indeed faster and more accurate to respond to words presented
with harmonically expected chords as compared to words presented with harmonically
unexpected chords, confirming the predictions of domain-general processes, and
suggesting that musical processing can modulate semantic processing. Poulin-Charronnat
et al. (2005) explain their findings with a dynamic attending theory (Jones, 1987; Jones &
Boltz, 1989). According to the dynamic attending theory, there are some elements of
music whose job is to capture the listener’s attention. Specifically, tonic chords, which
possess the greatest harmonic stability, would capture the listener’s attention more than
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chords with less harmonic stability, such as harmonically unexpected chords. When
applied to the evidence that suggests that language and music processes are domaingeneral, any information presented concurrently with these kinds of attention-grabbing
musical elements will benefit and receive the same degree of heightened attention. As a
result, the harmonically expected chords in Poulin-Charronnat et al.’s (2005) study
engage the most attention, thereby allowing critical words paired with harmonically
expected chords to also receive a high degree of attention.
Later work by Maidhof and Koelsch (2011) shifted away from studying how
certain elements in music capture the listener’s attention and focused instead on the
effects of selective attention during concurrent syntactic processing in language and
music. In their study, selective attention refers to attending to one source of information
and ignoring other incoming information. Maidhof and Koelsch were also interested in
examining the interaction between syntactic processing in language and music.
Participants listened to speech and music presented in isolation or concurrently
while ERPs were recorded. At the same time, they performed a timbre detection task in
either language or music depending on the instructions. Linguistic stimuli included
syntactically correct and incorrect sentences. Musical stimuli included progressions that
ended on the harmonically expected, tonic chord and progressions that ended on the less
expected, double dominant chord. There was also one timbre deviant linguistic condition
and one timbre deviant musical condition. The detection tasks were separated, so that
participants were only paying attention to one domain (language or music) at a time. The
following conditions were formed: baseline music (music only), baseline speech (speech
only), attend music (ignore speech), attend speech (ignore music), ignore music (attend
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speech), and ignore speech (attend music). The stimulus material was the same in the
“attend” and “ignore” blocks. By manipulating whether participants were selectively
attending to the linguistic or musical stimuli, Maidhof and Koelsch argued that any
differences in ERPs could be ascribed to the specific manipulations of selective attention
and to the degree of automaticity involved in syntactic processing of language and music.
Maidhof and Koelsch predicted that if the mechanisms underlying syntactic
processing in language and music operate at least partially automatically, linguistic (or
musical) syntactic processing would be ongoing during the concurrently presented
conditions, even when they were instructed to selectively attend toward one specific
domain. That is, the ELAN would be elicited even during the “attend music (ignore
speech)” condition and the ERAN would be elicited even during the “attend speech
(ignore music)” condition. Moreover, due to overlapping neural resources, processing of
syntax in language and music was expected to interact, which would support the SSIRH’s
prediction that there are shared resources for syntactic processing in language and music.
Specifically, Maidhof and Koelsch predicted that syntactic processing in language would
influence syntactic processing in music and would manifest as a decrease in the ERAN’s
amplitude during the “ignore music (attend speech)” condition as compared to the
amplitude of the ERAN during the baseline music condition. They did not predict to see
an effect of music on the ELAN, because the ELAN typically occurs earlier.
Maidhof and Koelsch (2011) observed that all of the conditions that involved
syntactically incorrect sentences elicited an ELAN and that all of the conditions that
involved harmonically unexpected chords elicited an ERAN. In other words, syntactic
processing in language (and music) occurred despite selective attention being engaged to
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attend or ignore the other incoming information. Moreover, Maidhof and Koelsch
observed that the amplitude of the ERAN was reduced in the “ignore music (attend
speech)” condition as compared to the baseline music condition. The amplitude of the
ERAN did not differ between the “ignore music (attend speech)” and “attend music
(ignore speech)” conditions. This pattern of findings confirms their initial prediction for
an interaction between syntactic processing in language and music, because even when
attention was directed elsewhere syntactic processing of the task irrelevant domain was
on-going. Overall, Maidhof and Koelsch’s (2011) study suggests that syntactic
processing occurs somewhat automatically, because syntactic processing in language
(and music) occurred even when selectively attending to other incoming information.
Moreover, the reduction in the amplitude of the ERAN between the “ignore music (attend
speech)” condition and baseline condition suggests that resources are shared for syntactic
processing and that selectively attending to speech affects syntactic processing in music
(but not the other way around).

Potential shared resource of syntactic processing: Working memory
Working memory has also been identified as a possible shared resource for
syntactic processing in language and music (e.g., Fiveash & Pammer, 2012; Kljajević,
2010; Van de Cavey & Hartsuiker, 2016). For example, Fiveash and Pammer (2012)
tested whether syntactic working memory, a particular form of working memory specific
to syntax (Kljajević, 2010), is a processing resource shared between language and music.
Participants were presented with a list of words or a sentence, followed by the musical
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stimuli, and asked to recall as much of the list or sentence as possible. Each list of words
contained five syntactically and semantically unrelated words. Each sentence was
syntactically correct, but complex. Musical stimuli involved progressions containing all
in-key chords and progressions containing one out-of-key chord. If syntactic working
memory is shared between language and music, then researchers expected to observe an
interference effect between the presentation of sentences and progressions containing an
out-of-key chord, but not between the presentation of word lists and progressions
containing an out-of-key chord.
Participants were less accurate in recalling sentences as compared to word lists,
and after progressions containing an out-of-key chord as compared to progressions
containing only in-key chords. As predicted, there was an interference effect between the
presentation of sentences and progressions containing an out-of-key chord. There was no
interference effect between the presentation of word lists and progressions containing an
out-of-key chord. Fiveash and Pammer (2012) took these findings to suggest that
syntactic working memory, which was called upon specifically by the sentence condition
and not the word list condition, is engaged during syntactic processing in language and
music. These findings also provide novel insight into the relationship between language
and music by examining participants’ linguistic comprehension ability rather than
accuracy on acceptability judgment or response time. Overall, this study adds to the body
of literature supporting the SSIRH’s prediction of shared resources for syntactic
processing in language and music.
Van de Cavey and Hartsuiker (2016) also tested whether working memory is a
shared resource for syntactic processing in language and music by examining dependency
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processing. Dependency processing is the connecting of new, upcoming elements to the
past elements in a sequence. According to the SSIRH, dependency processing is more
costly when the syntactic elements (e.g., words or chords) are farther away from each
other or when it is impossible to connect the elements. If the resources used for
dependency processing in language overlap with the resources used during syntactic
processing in music, it would provide new evidence for Kljajević’s (2010) theory of
syntactic working memory discussed earlier and additional support for the SSIRH’s
prediction of shared resources for syntactic processing in language and music.
Experiment 1 used the attachment priming procedure (Scheepers, 2003) to test
whether there is overlap in the resources underlying dependency processing in language
and music. Participants listened to pairs of pitch sequences and incomplete sentences.
Linguistic stimuli were ambiguous sentence structures that could be completed with
either high-attachment or low-attachment structures. For example, “I saw the knives in
the kitchen that…” could be completed with a high-attachment structure (“were sharp”)
or a low-attachment structure (“was dirty). The pitch sequences consisted of eight tones
and were created with cluster shifts to resemble the attachment structures in the linguistic
stimuli, allowing the pitch sequences to be used as structural primes. After each pair,
participants completed a pitch recognition task consisting of a two tone-fragment. They
also repeated and completed the incomplete sentence fragment out loud. Tan, Aiello, and
Bever (1981) previously found that participants are less able to recognize two tones when
the tones are first introduced separated by a harmonic boundary. Therefore, Van de
Cavey and Hartsuiker predicted that if pitch sequence is structured according to their
cluster shifts, then recognition accuracy would be lower for probes consisting of two
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pitches that span a cluster shift. Moreover, they predicted that if the processing resources
overlap, then an interaction in recognition accuracy would be observed between the
prime structure of the pitch sequences and the structure used for the sentence completion.
Indeed, participants showed the predicted structural priming effect between pitch
sequences and sentence completions.
Experiment 2 used the same priming procedure but with primes also from
domains outside of sentential dependency processing in order to test whether other
cognitive domains use the same resources for dependency processing. In particular, prime
sequences from four modalities were used: structured pitch sequences (same as in
Experiment 1), sentences containing a relative clause, arithmetic equations, and sentences
containing a non-syntactic attachment structure (goal-directed actions). Results show that
participants again experienced a cross-domain priming effect between language and
music dependency processing. Priming was also observed in the three new domains of
math, relative clause attachment, and a non-syntactic attachment structure. Overall, these
experiments provide novel support for the SSIRH by providing evidence for syntactic
overlap in the form of priming effects and the existence of domain-general syntactic
working memory.

Potential shared resource of syntactic processing: Cognitive control
According to Slevc and Okada (2015), cognitive control represents a possibly
shared resource for syntactic processing in language and music, because the mechanism
is able to explain why musical processing interacts with some areas of linguistic
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processing, like processing syntactic errors, syntactically complex sentences, as well as
syntactic and semantic garden path sentences, but not other areas, like processing
semantic violations. Specifically, cognitive control is an executive function associated
with multiple kinds of linguistic processing, including syntactic processing, and it is also
associated with non-linguistic processing. This mechanism differs from the mechanisms
of attention and working memory, which are involved in focusing and processing one
stream of information, and updating and manipulating upcoming information,
respectively. Instead, cognitive control is involved with the detection and resolution of
conflict when expectations are violated, and also the revision of initial interpretations.
Thus, it is possible that Perruchet and Poulin-Charronnat (2013) may have observed the
involvement of cognitive control using non-syntactic stimuli (i.e., semantic garden path
sentences) because their garden path stimuli created situations that involve conflict
detection and resolution.
To examine whether cognitive control is a shared resource for processing syntax
in language and music, Slevc, Reitman, and Okada (2013) paired the presentation of
musical chord progressions with the classic Stroop task, which measures cognitive
control. If cognitive control is used during syntactic processing in music, in addition to
detecting and resolving non-linguistic conflict during the Stroop task, then presentation of
unexpected chords should interact with naming the color of stimuli. Indeed, participants
had larger Stroop interference effects when visually incongruent trials were paired with
unexpected chords as compared to expected chords. Based on these findings, Slevc and
Okada (2015) conclude that previously reported mixed findings as to whether the shared
resources in language and music extend beyond syntactic processing are the result of the
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stimuli and task instructions used in previous studies. In particular, the findings of these
previous studies suggest that cognitive control can be observed not only where syntactic
expectations are built online and interpretations are revised when unexpected information
is encountered (e.g., Slevc et al., 2009), but also outside of syntactic processing.
According to this interpretation, in Perruchet and Poulin-Charronnot's (2013) study, the
researchers observed the involvement of cognitive control because participants’
expectations were violated once they encountered semantically unexpected information
and had to revise their interpretation of the sentence. This cognitive control perspective
was used as the theoretical framework for Experiments 1 and 2, and I will discussion this
mechanism as a possible shared resource in more detail in the Introduction to Experiment
1.

Neurophysiological studies of the shared resources’ location and time course
Another line of studies has combined the tasks described above with
neurophysiological methodologies, such as event-related potentials (ERP) and functional
magnetic resonance imaging (fMRI), to test the SSIRH. On the one hand, these
techniques have been used to investigate the SSIRH’s prediction that shared resources are
located in frontal regions and the domain-specific representations are located in posterior
regions of the brain (e.g., Koelsch et al., 2002; Kunert, Willems, Casasanto, Patel, &
Hagoort, 2015; Maess et al., 2001). For example, Broca’s area, a region typically
associated with language processing, has now been repeatedly observed to be engaged in
musical processing. Activation in Broca’s area during musical processing was first
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observed in a magnetoencephalographic study (Maess et al., 2001). Maess et al.
administered a distractor task to participants listening to harmonic chord progressions in
order to investigate the neural generators of early and late brain components. Unexpected
chords elicited an early right anterior negativity similar to that of the ERAN in ERP
studies (e.g., Koelsch, Gunter, Friederici, & Schröger, 2000) and the source of this
activity was localized in Broca’s area and its right hemisphere homologue. Koelsch et al.
(2002) also observed increased activation for Broca’s area during syntactic processing in
music, as well as other cortical regions previously implicated in language processing.
More recently, Kunert, Willems, Casasanto, Patel, and Hagoort (2015) adapted
Federenko et al.’s (2009) paradigm for use in the MRI scanner and observed an
interference effect in the form of increased activation for Broca’s area.
On the other hand, ERP methodologies have been used to study the similarities
(and differences) in the time course of syntactic processing for language and music in
order to help determine whether there exist overlapping cognitive resources for language
and music (e.g., Besson & Faita, 1995; Featherstone, Morrison, Waterman, &
MacGregor, 2013; Koelsch, Gunter, Wittfoth, & Sammler, 2005; Koelsch, Rohrmeier,
Torrecuso, & Jentschke, 2013; Koelsch & Sammler, 2008; Patel, Gibson, Ratner, Besson,
& Holcomb, 1998; Steinbeis & Koelsch, 2008). For example, in Patel et al. (1998),
participants listened to sentences and chord progressions while event-related potentials
were recorded, and the positive-going brain component typically associated with
syntactic processing in language (i.e., P600) was observed also during syntactic
processing in music. There are several other studies that have used the ERP methodology
to test the SSIRH and that are relevant to the present study, but a more detailed
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discussion of these studies appears later in the introduction for Experiment 3, where I
used ERP methodology to examine whether the cognitive processes engaged in
processing syntactic violations and ambiguities is different within language, whether the
processes engaged in processing syntactic violations and ambiguities is different within
music, as well as whether the processes engaged in processing violations and ambiguities
are different across language and music.
As a result of the recent increase in studies that use neurophysiological
techniques, multiple neural models of music perception have been proposed and existing
models have been updated (e.g., Koelsch, 2011; Koelsch & Siebel, 2005; Peretz &
Zatorre, 2005; Zatorre, 2013), which is partly covered by a recently published metaanalysis (LaCroix, Diaz, & Rogalsky, 2015). LaCroix et al. (2015) investigated whether
there are significant differences in functional neuroanatomy activated in speech and
music processing, as well as whether the different types of tasks used across studies have
influenced the patterns of activation observed. LaCroix et al. conducted a literature search
for positron emission tomography (PET) and fMRI studies that examined either music or
speech. The search resulted in 80 music and 91 speech neuroimaging studies that tested
healthy adults. The studies were divided into four categories based on the kind of task
used: passive listening, discrimination, anomaly detection, and memory. Activation
likelihood estimate analyses were conducted and compared within each of these four
categories for music activation versus language activation. The analyses revealed that
listening to speech and music recruit distinct bilateral temporo-parietal networks, where
speech tasks elicited greater activation in more superior temporal sulcus regions,
particularly in the anterior temporal lobe, as compared to music tasks. Music tasks
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elicited greater activation in more dorsal and medial superior temporal and inferior
parietal regions as compared to speech tasks. The meta-analysis also showed that there
are shared resources between speech and music processing, In particular, the metaanalysis revealed activation in the left inferior frontal gyrus (i.e., Broca’s area) for both
speech and music processing. Furthermore, analyses revealed that patterns of activation
varied depending on the task being analyzed. For example, Broca’s area was activated
more in discrimination tasks by music than by speech. However, Broca’s area was
activated more in detection and memory tasks by speech than by music. This finding
suggests that the extent to which shared resources are observed depends largely on the
task used. Overall, the results from this meta-analysis, which benefit from the statistical
power involved in combining the findings from 80 music studies and 91 speech studies,
suggest that the nature of the tasks used might influence the regions activated and that
researchers need to be cautious and take the nature of their tasks into account when
interpreting their data. Furthermore, given that both overlapping and distinct neural
regions are observed during speech and music processing, it seems possible that the
SSIRH is not entirely accurate in its prediction that shared resources exist just for
syntactic processing. There may be shared resources between syntactic processing in
language and music, but it’s likely that these resources are domain general mechanisms
also involved in non-syntactic processes, such as in tasks that engage discrimination and
memory processes.
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The present study
In my dissertation, I extended the research examining the SSIRH over the course
of three experiments using a combination of behavioral and neurophysiological
methodologies. Experiment 1A used behavioral measures to investigate whether
cognitive resources could be a candidate for what Patel (2003; 2008) refers to as “shared
resources” in the SSIRH by examining whether the classic color-word naming Stroop
task paired with the presentation of harmonically expected and unexpected chords elicits
an interference effect between visual congruency and harmonic expectancy, which would
suggest that cognitive control is engaged during syntactic processing in music as well as
during color-word naming. In addition, I examined whether prior experience with
managing syntactic systems (e.g., bilingualism and musical training) modulates the
engagement of cognitive control during syntactic processing in music; the theoretical
rationale for this question will be explained in the Introduction to Experiment 1A. In
Experiment 1B, I continued this line of research to examine whether and how task
instruction modulates the engagement of cognitive control and influences syntactic
processing in music. Experiment 2 used behavioral measures to examine whether prior
experience with auditory processing (i.e., tonal language use) influences syntactic
processing in music. Lastly, Experiment 3 used event-related potentials to test the SSIRH
directly and examine whether the same cognitive resources are used to process syntax in
language and music. Specifically, I examined whether the time course for syntactic
processing of ambiguities and violations in language is similar to the time course in
music, which would be suggestive of similar underlying cognitive resources for language
and music.

Chapter 2
Experiment 1A
The Shared Syntactic Integration Resource Hypothesis (SSRIH) proposes that
syntactic representations in language and music are stored separately from each other, but
that the cognitive resources used to process syntax are shared between language and
music (Patel, 2003; 2008). The hypothesis proposes that the shared resources are to be
located in the frontal regions of the brain, but it does not identify specific neural regions
or cognitive mechanisms that could be involved in syntactic processing.
Slevc, Reitman, and Okada (2013) identified cognitive control as one of the
possible shared resources used in processing syntax in language and music. Cognitive
control is a mechanism involved in conflict detection and resolution, such as when
expectations are violated and need to be revised. For example, when reading a sentence
containing a syntactic garden path (e.g., “The attorney advised the defendant was
guilty”), cognitive control would be involved in developing the initial interpretation of
the sentence, detecting the syntactic garden path, and then revising the interpretation of
the overall sentence once the garden path is encountered. Likewise, when listening to a
passage of music, cognitive control would be involved in developing the initial
interpretation of the passage’s tonal key, detecting a change in key, and then revising the
initial interpretation of the passage to incorporate the key change. Slevc, Reitman, and
Okada (2013) paired the classic Stroop task with the presentation of musical chord
progressions out loud to examine whether cognitive control is one of the mechanisms
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underlying syntactic processing in music. Participants completed the color-word naming
Stroop task at the same time as progression-final chords were presented. The chords were
either harmonically expected or unexpected in the context of the chord progression. Slevc
et al. predicted that if cognitive control were engaged during syntactic processing in
music, they would observe an interaction between visual congruency and harmonic
expectancy in the form a Stroop interference effect. That is, participants would be slower
to respond to visually incongruent Stroop trials paired with harmonically unexpected
chords as compared to visually incongruent trials paired with harmonically expected
chords, because the concurrent syntactic processing in music would interfere with the
Stroop color-word naming task. Indeed, Slevc et al. observed an interference effect
between visual congruency and harmonic expectancy, which suggests that cognitive
control is engaged during syntactic processing in music as well as during color-word
naming.
Interestingly, there is evidence from the field of psycholinguistics that suggests
cognitive control not only helps with conflict detection and resolution in syntax, but that
cognitive control also helps a bilingual regulate their two languages. Research on
bilingualism has found that a bilingual’s two languages are always active (for reviews,
see Dijkstra, 2005; Kroll, Bobb, Misra, & Guo, 2008; Van Hell & Tanner, 2012).
Cognitive control has been proposed as a possible cognitive mechanism to handle a
bilingual’s two languages and prevent interference from occurring between them (e.g.
Dijkstra & Van Heuven, 2002; Green, 1998). Furthermore, studies that tested whether
cognitive control is involved in bilingual language processing have found a group
difference between bilinguals and monolinguals. In particular, bilinguals are less affected
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than monolinguals by the conflict trials on tasks such as the Simon and Flanker tasks
(e.g., Bialystok, Craik, & Luk, 2008; Costa, Hernández, & Sebastián-Gallés, 2008; for
reviews, see Kroll & Bialystok, 2013; Valian, 2015; but see, e.g., von Bastian, Souza, &
Gade, 2016). This difference in bilinguals' and monolinguals' performance has been
hypothesized to be due to bilinguals’ experience managing the co-activation between the
multiple languages in their environment. Based on these findings, it is possible that
cognitive control is used not only to help detect and resolve syntactic conflict, but that
cognitive control is also used to help regulate syntactic systems in language.
Research has also found group differences between musicians and non-musicians
on tasks measuring cognitive control (e.g., Bialystok & DePape, 2009; Janus, Lee,
Moreno, & Bialystok, 2016; Moreno et al., 2011; Moreno, Lee, Janus, & Bialystok, 2015;
Shook, Marian, Bartolotti, & Schroeder, 2013; Slevc, Davey, Buschkuehl, & Jaeggi,
2016). For example, Bialystok and DePape (2009) examined whether musical training
benefits cognitive control similar to how bilingualism has been reported to benefit
cognitive control. In particular, Bialystok and DePape administered a version of the
Stroop task containing linguistic and musical (pitch) stimuli to bilinguals, monolinguals,
and (monolingual) musicians. Bialystok and DePape observed that musicians had smaller
Stroop effects in the musical condition than bilinguals and monolinguals, whereas
bilinguals had smaller Stroop effects in the language condition than monolinguals and
musicians.
Moreno et al. (2014) built on Bialystok and DePape’s (2009) behavioral findings
that advantages in executive functioning can differ according to the type of experience
(language or music) and examined whether ERPs associated with a cognitive control task
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also differ according to the type of experience. Bilingual non-musicians, monolingual
musicians, and monolingual non-musicians completed a go/no-go task, a non-linguistic
measure of cognitive control, while ERPs were recorded. Moreno et al. were interested in
three components previously studies had associated with cognitive control: the N2
(Rodríguez-Fornells et al., 2005), P2 (Moreno et al., 2011), and P3 (Moreno, Bialystok,
Wodniecka, & Alain, 2010). Researchers interpreted the N2 as an indicator of greater
inhibition of prepotent response plans, the P2 as an indicator of representing stimulus
response associations, and the P3 as an indicator of extended monitoring of
appropriateness of the selected response. Moreno et al. predicted that if previously
observed behavioral advantages at cognitive control were due to similar underlying
mechanisms, the three ERP components would be similar for bilinguals and musicians as
compared to the monolingual non-musicians. In particular, the amplitude of the N2 would
be greater for bilinguals and musicians as compared to monolinguals, with the heightened
amplitude reflecting the bilinguals and musicians’ enhanced experience with conflict
detection and resolution. Based on the idea that the three components reflect different
aspects of cognitive control, it was not predicted that bilinguals and musicians would
have larger amplitudes for the P2 and P3 as compared to the monolinguals. Instead,
Moreno et al. (2014) predicted that only if different underlying mechanisms were
responsible for the behavioral advantages, bilinguals and musicians should show
distinguishable P2 and P3 components. Specifically, Moreno et al. stated that musicians’
P2 component would differ from bilinguals and monolingual non-musicians, reflecting
their experience with representing stimulus-response associations. Bilinguals’ P3
component would differ from musicians and monolingual non-musicians, reflecting their
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enhanced experience with monitoring the appropriateness of a selected response. No
specific predictions were made regarding the amplitude or time course of the P2 and P3
beyond there being group differences.
In line with their predictions, Moreno et al. observed different patterns of ERPs
for the no-go (conflict) trials between the three groups, despite finding no group
differences in the behavioral data (which opposes the differences in behavioral
performance across the three groups reported by Bialystok and DePape, 2009). All three
groups showed the N2 in response to the no-go trials; bilinguals had larger N2 amplitudes
as compared to musicians and non-musicians, and musicians had smaller N2 amplitudes
as compared to non-musicians. As predicted, all three groups also showed the P2 and P3
in response to no-go trials. The amplitude of the P2 was largest for musicians. There were
no group differences in the amplitude of the P3, but the P3 was protracted for bilinguals
and lasted longer. Overall, Moreno et al. interpreted their findings as suggesting that
bilingualism and musical training can have different neurophysiological effects on the
brain, even when their behavioral performance is similar.
Slevc, Davey, Buschkuehl, and Jaeggi (2016) built on the evidence that prior
experience can modulate executive functioning (e.g., Bialystok & DePape, 2009; Moreno
et al., 2011) and examined more broadly whether and how musical training affects
executive functioning by administering a battery of cognitive tasks rather than studying
the effects of musical training on one particular executive function task. In particular,
Slevc et al. tested the effects of musical training on the three executive functions
proposed by Miyake et al. (2000): shifting, updating, and inhibition. Participants were
recruited from a range of musical backgrounds such that musical training could be
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considered across a continuum. Participants completed six executive function tasks (one
auditory and one visual for each of the three functions investigated) and an online
measure of musical ability. Slevc et al. found that individual differences in musical
ability predicted performance for the updating tasks, but not the shifting or inhibition
tasks. This finding suggests there may be a relationship between musical training and
working memory. Slevc et al. conclude that this apparent relationship between musical
training and working memory stems from musical processing drawing heavily on
working memory to maintain and update the serial order of the elements in a musical
sequence. Furthermore, Slevc et al. propose that the demands of musical processing on
working memory exceed that of linguistic processing, because whereas listening to
speech requires extraction of the meaning of the message from its surface representation,
there is no equivalent process for musical processing.
In addition to the line of research suggesting bilingualism and musical training
can affect executive functioning, there is also research to suggest that prior experience
with language that engages auditory processing, such as through pitch processing, can
affect music perception and vice versa (for reviews, see Asaridou & McQueen, 2013;
Benz, Sellaro, Hommel, & Colzato, 2016). This bidirectional relationship has been found
not only at the cortical level (e.g., Moreno, Lee, Janus, & Bialystok, 2015), but also at the
subcortical level (e.g., Bidelman, Gandour, & Krishnan, 2010; Skoe & Kraus, 2012;
Wong et al., 2007). For example, Wong et al. (2007) used auditory brainstem recordings
to examine the effect of musical training on the neural encoding of linguistic pitches.
Musician and non-musician participants watched a silent video accompanied by linguistic
pitches in Mandarin while brainstem recordings were measured. In particular, two pitch-
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tracking measures were recorded: the faithfulness of pitch tracking and robustness of
phase-locking. Wong et al. observed that musicians were more accurate for both pitchtracking measures as compared to non-musicians. Likewise, Skoe and Kraus (2012)
found that adults who received musical training during childhood had more robust
brainstem recordings in response to complex sounds ranging in their fundamental
frequency as compared to peers who never received musical training. Collectively, these
studies using brainstem recordings suggest that there are positive, long-term effects of
musical training on speech encoding.
Together these studies show that cognitive control is engaged during syntactic
processing in language and music and that prior experience with language and music can
modulate cognitive control. This relationship between prior experience with language and
music affecting cognitive control raises the question of whether such prior experience can
also affect syntactic processing in language and music. The present study aimed to test
this question and examine whether individuals with prior experience, such as bilinguals
and musicians, process syntax differently, because of their previous experience using
cognitive control to regulate syntactic systems. This is an important question for the
Shared Syntactic Integration Resource Hypothesis, because it states there are shared
resources for syntactic processing in language and music, yet it does not discuss whether
or how shared experiences with these resources has an effect on syntactic processing. In
fact, the majority of previous studies that tested the SSIRH recruited participants without
regard to their language and musical backgrounds, making it possible for their findings to
be confounded with effects of prior experience. By comparing bilingual musicians,
bilingual non-musicians, monolingual musicians, and monolingual non-musicians, we
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explored whether shared resources are the result of prior experience enhancing cognitive
control, or whether the resources are the default system for syntactic processing
irrespective of specific experience with language or music.
In Experiment 1A, we examined Slevc, Reitman, and Okada’s (2013) proposal
that cognitive control is involved during syntactic processing in music. Specifically, we
examined for the first time whether and how prior experience with managing syntactic
systems in language, in music, or in both language and music modulates the engagement
of cognitive control during syntactic processing in music. We tested these questions in
four participant groups: bilingual musicians, bilingual non-musicians, monolingual
musicians, and monolingual non-musicians. By testing bilingual musicians and nonmusicians, this study is also the first to test the SSIRH on bilinguals. If prior experience
either in language or music modulates cognitive control, we expect bilingual nonmusicians to outperform monolingual non-musicians and for monolingual musicians to
outperform monolingual non-musicians, respectively, such that the individuals with prior
experience would have a reduced Stroop interference effect1.
We were also interested in whether an individual’s prior experience in language
and in music has a cumulative effect on how cognitive control is engaged during
syntactic processing in music. If there is a cumulative effect, we expect bilingual
musicians to be fastest and most accurate, followed by the bilingual non-musicians, both
of whom who would outperform the monolinguals. Lastly, we would expect for the
1

Maidhof and Koeslch’s (2011) specific interpretation of selective attention as a shared
resource for processing language and music (for more details, see Chapter 1) is in line
with the proposal in the bilingual literature that bilingual children (Bialystok & Martin,
2004) and adults (Bialystok, Craik, & Ryan, 2006) have developed better selective
attention skills. Maidhof and Koelsch’s selective attention account would also predict that
bilinguals outperform monolinguals.
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monolingual musicians to outperform the monolingual non-musicians. In contrast, if the
effect of prior experience is limited, we expected bilingual musicians and non-musicians
performing like monolingual musicians, all of who would show an equally facilitated
Stroop effect (e.g., faster and more accurate) in comparison to the monolingual nonmusicians. In the present study, we used the adapted Stroop task paradigm also used by
Slevc, Reitman, and Okada (2013) to examine whether cognitive control is one of the
mechanisms underlying syntactic processing in language and music. Based on research
suggesting that bilingualism and musical training can modulate cognitive control, we
used the adapted Stroop task to examine whether prior experience with managing
syntactic systems in language, music, or both modulates the engagement of cognitive
control during syntactic processing in music.

Method

Participants
Twenty-five Dutch-English bilingual musicians, twenty-five Dutch-English
bilingual non-musicians, twenty-five English monolingual musicians, and twenty-five
English monolingual non-musicians were recruited. The Dutch-English bilingual
musicians and non-musicians were recruited from Radboud University, Nijmegen, the
Netherlands, and the Nijmegen area. All of the bilingual participants were native Dutch
speakers who learned English as a second language at school. All of the bilingual
participants reported being dominant in their native language (Dutch) and having learned
English as their second language. In addition, the English monolingual musicians and
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non-musicians were recruited from the Pennsylvania State University and the State
College area. All of the monolinguals reported being native English speakers and having
never received foreign language instruction above the introductory collegiate level. The
monolingual participants had never lived or studied abroad in a foreign languagespeaking country.
The bilingual and monolingual musicians were all early learners of a musical
instrument (including voice) who were all actively playing music on a weekly basis.
Musicians were classically trained and able to read at least one musical clef. They must
not have considered jazz their primary genre or percussion their primary instrument. The
bilingual and monolingual non-musicians may have participated previously in required
general music courses or ensembles during primary schooling, but had never enrolled in
private music lessons or learned music theory.
All participants were 18-35 years old, right-handed, and reported having no
known hearing, vision, learning, or language disorders. All participants gave informed
consent and the procedures were approved by the Institutional Review Board of the
Pennsylvania State University. Participants received either course credit through their
university’s Psychology Subject Pool or monetary compensation.
Two bilingual musicians, 4 bilingual non-musicians, 4 monolingual musicians,
and 5 monolingual non-musicians were excluded from analyses because of failure to
meet eligibility criteria for language and music background, as described above. A total
of 23 bilingual musicians, 21 bilingual non-musicians, 21 monolingual musicians, and 20
monolingual non-musicians were included in the final data set.
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Bilingual speakers’ proficiency in their two languages was measured by
comparing self-reports of language proficiency in Dutch and English from the language
history questionnaire and performance on the verbal fluency task performance in Dutch
and English. The mean ratings and standard deviations for the language history
questionnaires are reported in Tables 2-1 and 2-2. Self-rated proficiency in Dutch was
higher than in English on speech, comprehension, reading, and writing (all p’s < .001)
and performance on the verbal fluency task was significantly better in Dutch (M=49.00,
SD=11.97) than in English (M=27.25, SD=5.82; t(43)= 14.650, p < .001).
Table 2-1: Mean self-reported language ratings for Dutch-English bilingual participants.
Language ratings
(out of 10)
Reading
Writing
Speaking
Comprehending
Average

L1 – Dutch
M
9.82
9.45
9.44
9.89
9.73

L2 – English

SD
.45
.66
.42
.32
.37

M
8.61
7.34
6.80
8.70
7.86

SD
.87
1.06
.98
.85
.74

Table 2-2: Mean self-reported language ratings for English monolingual participants.
Language ratings
(out of 10)
Reading
Writing
Speaking
Comprehending
Average

L1 – English
M
9.76
9.64
9.74
9.74
9.72

SD
.49
.70
.55
.63
.51

L2 – Varied
M
2.44
2.02
2.29
2.49
2.31

SD
1.58
1.41
1.76
1.68
1.40

Musicians’ experience with musical training was confirmed by comparing selfreports of years playing a musical instrument with non-musicians’ years playing a
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musical instrument. Musicians had significantly more years of musical training
(M=13.81, SD=2.68) than non-musicians (M=.72, SD=1.26; t(83)= 28.46, p < .001).
The mean scores and standard deviations for the background measures (Dutch
verbal fluency (bilinguals only), English verbal fluency, O-Span, Flanker, and Gordon’s
Advanced Measures of Music Audiation) are reported in Table 2-3 (these tests are
described in more detail in the procedure section). A series of one-way analyses of
variance (ANOVAs) showed no significant differences between groups on the partial
score for the automated Operation Span task (F(3,81) = 1.130, p = .342) or the Flanker
effect for the Flanker task (F(3,81) = 1.343, p = .266). As expected, there was a
significant effect of group on accuracy for the tonal subset from Gordon’s Advanced
Measures of Music Aptitude (F(3,81) = 2.913, p = .039). A Bonferroni post-hoc test
revealed that the monolingual non-musicians were significantly less accurate at
identifying when a pair of musical chord progressions differed tonally (49% + 21, p =
.038) as compared to the bilingual musicians (67% + 23). No other group differences
were significant.
Table 2-3: Mean values and standard deviations for the background measures by group.
Language Group
Measure
L1 Verbal
Fluency
L2 Verbal
Fluency
Operation
Span (out
of 75)
Flanker
(in ms)

Bilingual
Musician
Non-Musician
M
SD
M
SD
48.70 11.98
49.33 12.24

Monolingual
Musician
Non-Musician
M
SD
M
SD
36.85 9.13
29.70 9.35

28.39

6.67

26.00

4.56

---

60.70

8.43

64.10

8.77

47.93

21.59

61.25

29.14

---

---

---

60.05 10.3
9

58.75

11.35

53.75 25.9
9

46.91

27.56
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Gordon’s
(out of
100)

66.91

22.63

57.90

21.09

63.25 18.7
5

48.85

21.22

Materials

Syntactic processing in music task.
Adapted Stroop task. The adapted Stroop task is based on that used by Slevc,
Reitman, and Okada (2013). Visual stimuli for the Stroop task were the strings “RED”,
“GREEN”, BLUE”, or “XXXX” presented in the participant’s native language. There
were 48 trials in which the visual stimuli appeared in a congruent color, 56 trials in which
the visual stimuli appeared in an incongruent color, and 56 trials in which the visual
stimuli appeared in the neutral condition.
Musical stimuli were 160 six-chord musical progressions, created specifically for
this experiment using Finale SongWriter software (MakeMusic, Inc., Eden Prairie, MN,
USA). Progressions were played on the piano, written in 5 major keys (C, F, G, Bb and D
Major) and divided evenly amongst these keys so that there were 32 progressions in each
key. Progressions were manipulated to end with either a harmonically expected or
unexpected chord. For harmonically expected chords, we used tonic chords. For
harmonically unexpected chords, we used Neapolitan sixth and double dominant chords.
Eighty progressions ended with a harmonically expected chord and 80 progressions
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ended with a harmonically unexpected chord. Within each musical condition, 24 of the
trials were visually congruent, 28 of the trials were visually incongruent, and 28 of the
trials were visually neutral.

Procedure
Participants completed one testing session, which lasted up to two hours long. In
particular, participants completed a language history questionnaire, music history
questionnaire, adapted Stroop task, verbal fluency task, automated Operation-Span task,
Gordon’s Advanced Measures of Music Audiation (AMMA), and Flanker task.
Bilinguals completed the verbal fluency task first in their weaker language, and then in
their dominant language after the AMMA. The order of tasks was kept consistent across
participants.

Syntactic processing in music task
Adapted Stroop task. The adapted Stroop task examines whether cognitive
control is engaged during syntactic processing in music. Stimuli in the adapted Stroop
task were presented using E-Prime 2.0 presentation software (Psychological Software
Tools, Inc., Pittsburgh, PA, USA; http://www.pstnet.com). Trials began with a fixation
cross that remained on the screen for 1000 ms. Following the fixation cross, the chord
progression was presented out loud. The visual stimulus (a letter string) was presented on
the screen at the same time as the final chord in each progression was presented out loud.
Participants indicated the color of the letter string by pushing one of three buttons (left
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for red, middle for green, right for blue). Responses were registered using the E-Prime
button box with response time as the dependent measure. However, participants’
responses did not trigger the experiment to advance to the next trial in order to ensure that
participants received equal exposure to the visual and musical stimuli. Both the visual
stimulus and final chord were presented for 2000 ms.
The adapted Stroop task consisted of instructions, a practice block, and four
experimental blocks. Instructions were displayed visually on the computer screen and
given verbally in English. Following the instructions, participants completed 10 practice
trials to verify that they understood the task. Each experimental block contained 40 trials
and lasted about 5 minutes, depending on participants’ speed of response. Short breaks
separated the blocks during which the participants could relax.

Linguistic tasks
Two language proficiency measures were administered to the participants: a
language history questionnaire and a verbal fluency task (Van Assche, Duyck, & Gollan,
2013).
Language history questionnaire. The language history questionnaire collects
self-ratings of proficiency in reading, writing, speaking, and comprehension, as well as a
detailed history of the participants’ language exposure, use, and learning history. For the
bilinguals, there are also several questions from the Bilingual Switching Questionnaire
(Rodríguez-Fornells et al. 2012), assessing an individual’s codeswitching tendencies. The
questionnaire was administered using Google Docs.
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Verbal fluency task. The verbal fluency task is an online measure of language
proficiency that consists of three letter prompts (Van Assche, Duyck, & Gollan, 2013).
Letters were presented on a computer screen on a white background, and participants
were instructed to name words beginning with these letters out loud as quickly and
accurately as possible. In the Dutch version of the task, the three letter prompts were “B”,
“I”, and “L”. In the English version of the task, the three letter prompts were “M”, “O”,
and “N”. Bilinguals first completed the task in their weaker language, English, and then
later in their dominant language, Dutch, as verified by their self-ratings in the language
history questionnaire. Monolinguals completed a letter fluency task in their only language
(English). This task was programmed in e-Prime.
Trials began with a blank screen presented for 2000 ms. The letter was presented
on the screen for 1000 ms, followed by a sound indicating the start of the trial for 200 ms.
Participants then had 60 seconds to name as many words as possible beginning with that
letter. The word “STOP” then appeared on the screen for 1500 ms, denoting the end of
that trial. The task consisted of three experimental trials with the order of the trials
randomized between participants. Stimuli were presented using E-Prime 2.0 presentation
software and the audio was recorded for transcription and accuracy analysis.

Cognitive tasks
Two measures were administered to examine individual differences in cognitive
functioning: an automated operation task (“O-Span”; Unsworth, Heitz, Schrock, & Engle,
2005) and the Flanker task (adapted from Emmorey, Luk, Pyers, & Bialystok, 2008).
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Operation-Span task. The O-Span task is a measure of working memory (Turner
& Engle, 1989). Participants were instructed to solve math problems while at the same
time remember sets of 3-7 letters, which had been interleaved between the math
problems. At the end of a block, a recall grid with 12 boxes and letters appears in the
center of the screen. Participants click the letters they recalled in the order in which the
letters were presented. At the end of each block, participants were told how many letters
they recalled correctly for that block and the percentage of math problems answered
correctly across the entire task. The partial storage score is the sum of letters recalled in
the correct order, regardless of whether the whole set was recalled in the correct order.
We used the partial storage score as a measure of working memory, where larger partial
storage scores are considered to reflect better working memory.
Trials began with a fixation cross presented for 1000 ms. Next, a math problem
appeared on the screen. The problem remained on the screen based on the average time it
took the participant to solve the problems in the practice plus 2.5 SDs or until the
participant clicked the mouse, indicating that they solved the math problem. Once the
participant clicked the mouse, the equation disappeared and a number appeared on the
screen along with two boxes, one that said “TRUE” and one that said “FALSE”. This
information remained on the screen until participants clicked on one of the two boxes,
indicating whether the number on the screen matched the answer they came up with for
the math problem. Afterward, a letter appeared in the center of the screen for 800 ms.
Problems and letters continued to alternate until the end of the block at which point the
participants recalled the letters presented during that set. There was no time limit on how
long the participants had to select the letters they recalled. The order of the items for each
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set was randomized between participants. Stimuli were presented using E-Prime 2.0
presentation software.
Flanker task. The Flanker task is a measure of cognitive control adapted from the
version utilized by Emmorey et al. (2008). In the task, a red arrow was presented on the
computer screen. Participants were asked to indicate by button press the direction the red
arrow was pointing toward (e.g., left or right). Participants were instructed to indicate by
button press which direction the red arrow was pointing toward. Depending on the block,
the red arrow was flanked by objects: arrows, diamonds, or a row of X’s. The arrows
either faced the same direction as the red arrow, providing congruent information, or the
opposite direction, providing incongruent information. The diamonds functioned as
irrelevant visual information and had no impact on how the participant should respond,
whereas the X’s indicated that the participant should withhold their response.
Practice trials preceded each block of experimental trials. An equal number of
each trial type was presented in the blocks. In the first block, the red arrow was presented
alone and faced either toward the left or the right. In the second block, diamonds and X’s
surrounded the red arrow. The diamonds represented “go” trials and the X’s “no-go”
trials. In the third block, black arrows surrounded the red arrow. The black arrows either
altogether faced toward the left or the right. In the fourth block, the instructions were
mixed such that all of the trial types were tested. After the mixed block, the level of
difficulty decreased. First, there was another congruent/incongruent block with black
arrows. Then, there was a go/no-go block with the diamonds and X’s. Last, there was a
block with only the red arrow. The Flanker effect is the average response time for
incongruent trials in the mixed congruent/incongruent block minus the congruent trials in
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the mixed congruent/incongruent block. We used the Flanker effect as a measure of
cognitive control, where lower effects are considered to reflect better cognitive control.
Trials began with a fixation cross presented for 250 ms. Next the image appeared
on the screen until the participant responded or until 2000 ms had elapsed. The order of
the items for each block was randomized between participants. Stimuli were presented
using E-Prime 2.0 presentation software.

Musical tasks
Two musical measures were administered to measure participants’ musical
backgrounds: a music history questionnaire and a melodic and rhythmic discrimination
task.
Music history questionnaire. The music history questionnaire collects selfratings of proficiency in playing or singing a musical instrument, as well as a detailed
history of the participants’ musical training, knowledge of music theory, and music
listening preferences. The questionnaire was administered using Google Docs.
Music aptitude task. Gordon’s Advanced Measures of Music Audiation
(AMMA) is a measure of musical aptitude (GIA Publications, Inc., Chicago, IL, USA).
Participants were asked to judge, using the mouse, whether pairs of musical stimuli
presented out loud differed with respect to tone (melody), rhythm, or neither. Participants
had the opportunity to listen to the stimuli as many times as needed. They were
encouraged not to guess on the answer. This task was published by GIA Publications.
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Analyses
Before statistical data analysis, we removed any incorrect trials. A frequency
distribution analysis on response time data revealed the data were normally distributed
and so no outlier removal procedures were applied. Based on the procedure used by
Slevc, Reitman, and Okada (2013), we used the Stroop interference effect as a measure of
cognitive control (incongruent response times – neutral response times) and congruent
trials were treated as fillers and excluded from data analysis.

Results
In addition to incorrect trials, the data from 16 musical chord progressions were
excluded from analyses across all participants because of a technical error. 144 musical
chord progressions (40 congruent, 52 incongruent, and 52 neutral trials) were presented
to each subject and 104 chord progressions (52 incongruent and 52 neutral trials) were
included in the final data set. The 40 congruent trials were treated as fillers and not
analyzed.
To examine our research questions concerning the effects of bilingualism and
musical training on syntactic processing in music, response latency data from the
Adapted Stroop task were analyzed by conducting three ANOVAs. First, to test whether
experience with bilingualism and musical training influences syntactic processing in
music, we conducted a 4 Group (bilingual musicians and non-musicians, and
monolingual musicians and non-musicians) x 2 Congruency (incongruent, neutral) x 2
Expectancy (expected, unexpected) ANOVA. Second, to test whether bilingualism
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influences syntactic processing in music, we conducted a 2 Group (bilingual nonmusicians, monolingual non-musicians) x 2 Congruency (incongruent, neutral) x 2
Expectancy (expected, unexpected) ANOVA. Third, to test whether musical training
influences syntactic processing in music, we conducted a 2 Group (monolingual
musicians, monolingual non-musicians) x 2 Congruency (incongruent, neutral) x 2
Expectancy (expected, unexpected) ANOVA.
Mean response latencies associated with the analysis testing whether experience
with bilingualism and musical training have additive effects are shown in Figure 2-1. The
main effect of Group was significant (F(3,81) = 4.550, p = .005). A Bonferroni post-hoc
test revealed that the bilingual musicians (M = 629 ms; SD = 184) were overall
significantly faster to respond than the monolingual musicians (M = 785 ms; SD = 184, p
= .037) and monolingual non-musicians (M = 822 ms; SD = 184, p = .006). No other
group differences were significant. The main effect of Congruency was also significant
(F(1,81) = 76.289, p < .001); responses to incongruent trials (M = 780 ms; SD = 201)
were 73 ms slower than to neutral trials (M = 707 ms; SD = 174). The main effect of
Expectancy was not significant (F(1,81) = .015, p = .904). The interactions between
Expectancy and Congruency (F(1,81) = .455, p = .502) and between Group and
Congruency (F(3,81) = 1.045, p = .377) were not significant. The interaction between
Group and Expectancy was marginally significant (F(3,81) = 2.448, p = .070). In sum, all
four groups of participants showed a Stroop effect (i.e., main effect of Congruency), but
there was no interaction (i.e., interference effect) between visual congruency and
harmonic expectancy to suggest that syntactic processing in music engages cognitive
control. Moreover, the findings from this ANOVA do not suggest that prior experience
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with bilingualism and musical training have an additive effect on how cognitive control is
engaged during syntactic processing in music.

Figure 2-1: Mean color naming on adapted Stroop task for four speaker groups.
Based on the above finding that bilingual musicians were significantly faster to
respond than monolingual musicians and non-musicians, we tested whether bilingualism
influences syntactic processing in music. The main effect of Group was not significant
(F(1,39) = 2.797, p = .102). The main effect of Congruency was significant (F(1,39) =
34.969, p < .001); participants responded 72 ms slower to incongruent trials (M = 817
ms; SD = 176) than to neutral trials (M = 745 ms; SD = 159). The main effect of
Expectancy was not significant (F(1,39) = 1.344, p = .253). The interaction between
Expectancy and Congruency was not significant (F(1,39) = .247, p = .622). The
interactions between speaker Group and Congruency (F(1,39) = 2.763, p = .104) and
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between Group and Expectancy (F(1,39) = 1.917, p = .174) were also not significant. In
sum, the findings from this ANOVA do not suggest that bilingualism modulates how
cognitive control is engaged during syntactic processing in music.
In the analysis examining the role of musical training, including only the
monolingual musician and non-musicians, the main effect of Group was not significant
(F(1,39) = .363, p = .550). The main effect of Congruency was significant (F(1,39) =
57.047, p < .001); participants responded 85 ms slower to incongruent trials (M = 846
ms; SD = 208) than to neutral trials (M = 761 ms; SD = 196). The main effect of
Expectancy was not significant (F(1,39) = .057, p = .813). The interaction between
Expectancy and Congruency was not significant (F(1,39) = .010, p = .923), nor was the
Group x Congruency interaction (F(1,39) = .312, p = .580). The interaction between
Group and Expectancy was significant (F(1,39) = 7.112, p = .011). Monolingual
musicians responded 13 ms faster to harmonically expected trials (M = 778 ms; SD =
199) than harmonically unexpected trials (M = 791 ms; SD = 200), whereas monolingual
non-musicians responded 12 ms slower to harmonically expected trials (M = 828 ms; SD
= 199) than harmonically unexpected trials (M = 816 ms; SD =200). Mean response
latencies for the interaction between Group and Expectancy are shown in Figure 2-2. In
sum, the findings from this ANOVA do not suggest that musical training modulates how
cognitive control is engaged during syntactic processing in music.
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Figure 2-2: Mean color naming on adapted Stroop task collapsed across visual
congruency for monolingual non-musicians and musicians.
Based on visual inspection of Figure 2-1, we also conducted a 2 Bilingual Group
(bilingual musicians, bilingual non-musicians) x 2 Congruency x 2 Expectancy ANOVA.
The main effect of Group was significant (F(1,42) = 4.701, p = .036); bilingual musicians
responded 110 ms faster across all trials (M = 629 ms; SD = 169) than bilingual nonmusicians (M = 739 ms; SD = 169). The main effect of Congruency was significant
(F(1,42) = 24.291, p < .001); participants responded 60 ms slower to incongruent trials
(M = 714 ms; SD = 194) than to neutral trials (M = 654 ms; SD = 151). The main effect
of Expectancy was not significant (F(1,42) = .005, p = .941). None of the interactions
were significant (all p’s > .10). In sum, the results from this ANOVA do not suggest that
the role of musical training in bilinguals modulates how cognitive control is engaged
during syntactic processing in music.
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The harmonically unexpected stimuli used in the present study consisted of two
types of chords: double dominant chords and Neapolitan sixth chords. To test whether the
type of unexpected chord progressions modulated the findings, we conducted a Group
(bilingual musicians and non-musicians, monolingual musicians and non-musicians) x 2
Unexpected Chord Type (Neapolitan sixth, double dominant) x 2 Congruency
(incongruent, neutral) ANOVA. The main effect of Unexpected Chord Type was not
significant (F(1,81) = .290, p = .591). All other effects remained consistent with the
original ANOVAs examining syntactic processing in music in the four groups. Based on
these findings, we can conclude that the two types of unexpected chords did not have
differential effects on syntactic processing in music.
During the experiment, participants listened to 144 chord progressions over the
course of 20 minutes, therefore making it possible to perform differently over the course
of the study as they gain practice performing the task. To test whether experimental block
influenced syntactic processing in music, we conducted a 4-Speaker Group (bilingual
musicians and non-musicians, monolingual musicians and non-musicians) x 2 Block
(first half, second half) x 2 Congruency (incongruent, neutral) x 2 Expectancy (expected,
unexpected) ANOVA. The main effect of Block was significant (F(1,81) = 55.866, p <
.001); responses to trials in the first half of the experiment (M = 778 ms; SD = 184) were
68 ms slower than to trials in the second half (M = 710 ms; SD = 184). There were no
significant interactions between Block and any of the other factors (all p’s > .10).
Overall, these findings were consistent with those in the original ANOVAs. Experimental
block thus only influenced the overall response times, but there was no interaction
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between harmonic expectancy and visual congruency present in the first half of the
experiment that diminished with practice.
Finally, correlational analyses were performed comparing the magnitude of the Stroop
effect for the harmonically unexpected condition with participants' average L1 rating,
average L2 rating, English verbal fluency score, Dutch verbal fluency score (bilinguals
only), partial score for Operation-Span task, and Flanker effect (See Appendix B). Only
the negative correlation between the Stroop effect for the harmonically unexpected
condition and the average L2 rating was significant (r = -.221, p = .042). Participants
who experienced less of a Stroop effect rated themselves more highly in their L2. No
other correlations were significant (all p’s > .100).

Summary and Discussion
In Experiment 1A, we examined Slevc and Okada’s (2015) proposal that
cognitive control, a domain general cognitive mechanism, could be one of the shared
resources engaged during syntactic processing in music. We also examined whether prior
experience with managing syntactic systems in language, in music, or in both language
and music modulates the engagement of cognitive control during syntactic processing in
music by testing four groups of participants with varying degrees of prior experience. In
particular, Dutch-English bilingual musicians and non-musicians and English
monolingual musicians and non-musicians completed an adapted Stroop task in which
the classic color-word naming Stroop task was paired with the presentation of
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harmonically manipulated chords. Participants identified the color of the visual stimulus
by button press after each trial.
All four groups of participants demonstrated a significant Stroop effect such that
they were slower to respond to visually incongruent trials as compared to visually neutral
trials. This finding confirms that the adapted Stroop task yielded the predicted Stroop
effect. We also observed that Dutch-English bilingual musicians were significantly faster
to respond across visually incongruent and neutral trials as compared to English
monolingual musicians and non-musicians. A follow-up analysis comparing bilingual
musicians and non-musicians revealed that bilingual musicians were also significantly
faster to respond than bilingual non-musicians. There was no difference in response times
for harmonically unexpected chords as compared to harmonically expected chords.
Critically, there was no interaction (i.e., interference effect) between visual congruency
and harmonic expectancy to suggest that syntactic processing in music engages cognitive
control. There were also no interactions involving group to suggest that prior experience
modulates cognitive control or syntactic processing in music.
Overall, the findings from this study do not replicate those reported in Slevc,
Reitman, and Okada (2013). Although our study used the same instructions as those in
Slevc, Reitman, and Okada (2013), Slevc and Okada (2015) recently proposed that
cognitive control is only engaged during active syntactic processing in music. We
explored whether a change in task instruction to engage active syntactic processing in
music results in an interference effect in Experiment 1B.
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Chapter 3
Experiment 1B
As mentioned above, we did not observe the predicted interaction between visual
congruency and harmonic expectancy in Experiment 1A. Therefore, we did not replicate
Slevc, Reitman, and Okada’s (2013) finding that cognitive control is engaged during
syntactic processing in music.
In Experiment 1B, we examined whether the findings in Experiment 1A could be
due to our choice in task instruction. Slevc and Okada (2015) proposed that syntactic
processing of music must be active for the engagement of cognitive control to be
observed. If this hypothesis is true, then the reason we did not observe an interaction
between visual congruency and harmonic expectancy is that our task did not require
participants to actively pay attention to the musical stimuli.
In Experiment 1B, we changed the instructions of the adapted Stroop task so that
we could examine whether active syntactic processing of music enhances the engagement
cognitive control. In particular, participants had to alternate by block between paying
attention to the music and judging the harmonic acceptability of the musical stimuli and
performing the color-naming version of the task. We expected that by requiring
participants to judge the harmonic acceptability of the musical stimuli, there would be a
greater degree of attention toward syntactic processing in music as compared to
Experiment 1A where the instructions only directed attention toward the visual stimuli. If
so, we expected to observe an interaction between visual congruency and harmonic
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expectancy in the color naming blocks, because cognitive control would have been
engaged just prior to color naming during the harmonic acceptability blocks, which
required active processing of musical syntax.

Method

Participants
Twenty-five English monolingual non-musicians were recruited from the
Pennsylvania State University student population and State College area through the
posting of flyers and emailing university listservs using the same monolingual nonmusician recruitment criteria as in Experiment 1A. Four monolingual non-musicians
were excluded from analyses because of failure to meet eligibility criteria. Twenty-one
monolingual non-musicians were included in the final data set.
Participants’ proficiency in their two languages was measured by comparing selfreports of language proficiency in their first and second language from the language
history questionnaire. The mean ratings and standard deviations for the language history
questionnaires are reported in Table 3-1.
Table 3-1: Mean self-reported language ratings for English monolingual non-musician
participants.
Language ratings
(out of 10)
Reading
Writing
Speaking

L1 – English
M
9.43
9.47
9.62

L2 – Varied
SD
.98
.81
.59

M
3.10
2.48
2.62

SD
2.22
2.11
1.77
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Comprehending
Average

9.76
9.45

.44
.88

3.24
2.74

2.12
2.10

Participants’ experience with musical training was measured in self-reports of
years playing a musical instrument (including voice). Participants reported having less
than a year of musical training (M=.71, SD=.76).
The mean scores and standard deviations for the background measures (English
verbal fluency, O-Span, Flanker, and Gordon’s Advanced Measures of Music Audiation)
are reported in Table 3-2.
Table 3-2: Mean values and standard deviations for the background measures.
Measure
English Verbal Fluency
Operation Span (out of 75)
Flanker (in ms)
Gordon’s (out of 100)

M
32.09
55.80
61.57
46.79

SD
9.03
12.64
25.58
17.94

Procedure
Participants followed the same procedure as in Experiment 1A except for the
instructions for the adapted Stroop task, which now alternated by block. Depending on
block, participants were instructed to identify the color of the visual stimuli (red, green,
or blue) or to judge the harmonic acceptability of the chord progression (good, bad) by
pressing the corresponding button on the response box (left, middle, or right,
respectively; left or right, respectively). The order of the instructions was
counterbalanced between participants. Half of the participants identified the color of the
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visual stimuli in Blocks 1 and 3 and judged the harmonic acceptability in Blocks 2 and 4.
The other half of the participants judged the harmonic acceptability in Blocks 1 and 3 and
identified the color of the visual stimuli in Blocks 2 and 4.

Analyses
Data were prepared for analysis following the procedure described in the
Experiment 1A. However, the final data set only included the trials from the color
naming blocks and not the trials from the harmonic acceptability blocks, because our
research questions pertain to the engagement of cognitive control and cognitive control is
only measured during the color naming blocks. Thus, we analyzed the response times
associated with 60 chord progressions presented during the color naming blocks (30
incongruent and 30 neutral trials).

Results

To test the research question that active syntactic processing in music engages
cognitive control, response latency data from the Adapted Stroop task were analyzed by
conducting three ANOVAs. First, to test whether task instruction influences syntactic
processing in music, we conducted a 2 Congruency (incongruent, neutral) x 2 Expectancy
(expected, unexpected) ANOVA on the response latency data from the color naming
blocks alone. Second, to test whether the order of task instruction influences syntactic
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processing in music, we conducted a 2 Order (Stroop, harmonic acceptability) x 2
Congruency (incongruent, neutral) x 2 Expectancy (expected, unexpected) ANOVA on
the response latency data from the color naming blocks alone. Third, to test whether
performance of participants in Experiment 1B (who received task instruction
emphasizing attention to music) differed from the monolingual non-musicians in
Experiment 1A on syntactic processing in music, we conducted a 2 Experiment (1A, 1B)
x 2 Congruency (incongruent, neutral) x 2 Expectancy (expected, unexpected) ANOVA
on the response latency data from the color naming blocks alone.
Mean response latencies associated with the analysis testing whether task
instruction influences syntactic processing in music are shown in Figure 3-1. The main
effect of Congruency was significant (F(1,20) = 32.648, p < .001); participants responded
100 ms slower to incongruent trials (M = 981 ms; SD = 254) than to neutral trials (M =
881 ms; SD = 229). The main effect of Expectancy was not significant (F(1,20) = 2.753,
p = .113). The interaction between Expectancy and Congruency (F(1,20) = 2.300, p =
.145) was also not significant. In sum, although the participants demonstrated a Stroop
effect, the results from this ANOVA do not suggest that cognitive control is engaged
during syntactic processing in music. Even though the adapted task instruction required
participants to judge the harmonic acceptability of the musical stimuli, and thus more
actively process syntax in music, participants did not demonstrate an interaction (i.e.,
interference effect) between visual congruency and harmonic expectancy to suggest that
syntactic processing in music engages cognitive control.
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Figure 3-1: Mean color naming on adapted Stroop task for color naming blocks only.
Mean response latencies associated with the analysis testing whether the order of
task instruction influences syntactic processing in music are shown in Figure 3-2. The
main effect of Congruency was significant (F(1,19) = 34.899, p < .001); participants
responded 104 ms slower to incongruent trials (M = 979 ms; SD = 262) than to neutral
trials (M = 875 ms; SD = 233). The main effect of Expectancy was marginally significant
(F(1,19) = 3.498, p = .077). No other effects or interactions were significant (all p’s >
.100). In sum, the results from this ANOVA do not suggest that the order of task
instruction (Stroop first vs. harmonic acceptability first) affects the Stroop effect or
influences whether cognitive control is engaged during syntactic processing in music.
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Figure 3-2: Mean color naming on adapted Stroop task for color naming blocks only for
participants who received the Stroop task first and participants who received the
harmonic acceptability task first.
Mean response latencies associated with the analysis testing whether participants
in Experiment 1B differed from the monolingual non-musicians in Experiment 1A on
syntactic processing in music are shown in Figure 3-3. The main effect of Congruency
was significant (F(1,39) = 59.655, p < .001); participants responded 96 ms slower to
incongruent trials (M = 925 ms; SD = 213) than to neutral trials (M = 829 ms; SD = 196).
The Expectancy x Experiment interaction was significant (F(1,39) = 4.826, p = .034).
Follow-up analyses revealed that the effect of Expectancy was not significant for
participants from either experiment (p > .100). No other effects or interactions were
significant (all p’s > .100). In sum, the results from this ANOVA suggest that participants
in Experiment 1B experienced the predicted Stroop effect and that one group of
participants in Experiment 1A, the monolingual non-musicians, did not. However, results
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from this ANOVA do not suggest that difference in task instructions between
experiments influences how cognitive control is engage during syntactic processing in
music.

Figure 3-3: Mean color naming on adapted Stroop task for color naming blocks only for
monolingual non-musicians in Experiments 1A and 1B.

Summary and discussion
In Experiment 1B, we examined whether active syntactic processing in music
engages cognitive control based on Slevc and Okada’s (2015) hypothesis. English
monolingual non-musicians participated in the study. Participants completed an adapted
Stroop task in which the classical color-word naming Stroop task was paired with the
presentation of harmonically manipulated chords. In order to examine whether active
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syntactic processing in music recruits cognitive control, participants alternated between
performing the classic Stroop task and naming the color of visual stimuli and judging the
harmonic acceptability of the musical stimuli, so that there would be a greater degree of
attention toward syntactic processing in music engaged as compared to in Experiment 1A
where the instructions only directed attention toward the visual stimuli. If so, we
expected to observe an interaction between visual congruency and harmonic expectancy
in the color naming blocks, because cognitive control would have been engaged just prior
to color naming during the harmonic acceptability blocks, which required active
processing of musical syntax.
Participants demonstrated a significant Stroop effect in the color naming blocks
and were slower to respond to visually incongruent trials as compared to visually neutral
trials. There was no difference in response times for harmonically unexpected chords as
compared to harmonically expected chords. Critically, there was again no interaction
(i.e., interference effect) between visual congruency and harmonic expectancy. These
findings suggest that judging harmonic acceptability, which supposedly enhances active
syntactic processing of music, did not affect the engagement of cognitive control, because
the data still did not demonstrate an interaction between visual congruency and harmonic
expectancy in the color naming blocks. Furthermore, these findings replicate the pattern
of results of Experiment 1A, suggesting that our lack of an interference effect in
Experiment 1A was not driven by the task instructions directing participants’ attention
toward the visual stimuli and away from actively syntactic processing in music.
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General discussion
In the present study, we tested Slevc and Okada’s (2015) proposal that cognitive
control is engaged as a shared resource during syntactic in music. We also examined
whether and how there are shared resources for syntactic processing in language and
music and whether prior experience with language, music, or both has an effect on the
shared resources. In Experiment 1A, we used a paradigm used previously by Slevc,
Reitman, and Okada (2013), where the classic color-word naming Stroop task was paired
with the presentation of harmonically expected and unexpected chords. We administered
this task to Dutch-English bilingual musicians and non-musicians, as well as English
monolingual musicians and non-musicians. If cognitive control is engaged during
syntactic processing in music, then we expected to observe an interference effect between
visual congruency and harmonic expectancy. Furthermore, if prior experience with
managing syntactic system translates to enhanced cognitive control and therefore
modulates syntactic processing in music, then we expected for participants with prior
experience(s) to have a reduced Stroop interference effect as compared to participants
without experience.
Analyses revealed that all four groups of participants were slower to respond to
visually incongruent trials as compared to visually neutral trials, which confirms that the
color-word naming task yielded the predicted Stroop effect. We also observed that
Dutch-English bilingual musicians were significantly faster to respond overall, for both
visually incongruent and neutral trials, as compared to all three groups. Critically, we did
not observe the predicted interference effect between visual congruency and harmonic
expectancy to suggest that syntactic processing in music engages cognitive control. We
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also did not observe an influence of any of the prior experiences examined on how
cognitive control is engaged during syntactic processing in music.
We confirmed our findings in Experiment 1A by changing the task instructions in
Experiment 1B to increase the amount of attention directed toward syntactic processing
in music. The goal of this change in instructions was to examine whether active syntactic
processing in music would recruit cognitive control, as suggested by Slevc and Okada
(2015). A new set of monolingual non-musicians participated in Experiment 1B, and
received the explicit instruction to perform the classic color-word naming Stroop task
during half of the experiment and judge the harmonic acceptability of the musical chord
progressions during the other half of the experiment. While participants did demonstrate
the predicted Stroop effect, we still did not observe the predicted interference effect. This
pattern of findings replicates the findings from Experiment 1A and suggests that the
nature of instructions in Experiment 1A and 1B did not influence how cognitive control is
engaged during syntactic processing in music.
In conclusion, our findings from Experiments 1A and 1B do not replicate the
findings of Slevc, Reitman, and Okada’s (2013). We did not observe an interference
effect, despite having used the same paradigm as them. I will now discuss possible
explanations for why we did not find the predicted interference effect in the present
study. In particular, I will discuss whether choices in stimuli, participant recruitment
criteria, and/or individual differences can explain the differences in our findings and
Slevc et al.’s. Afterward, we will review related attention and working memory theories
and discuss whether any of these theories can better account for our findings.
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First, it is worth pointing out that our study used different musical stimuli than
those used by Slevc, Reitman, and Okada (2013). Therefore it is possible that certain
characteristics of Slevc et al.’s stimuli may have induced differential processing effects.
Specifically, we created all entirely unique chord progressions, but Slevc et al. (2013) had
used only 12 base chord progressions. Each chord was presented more than once in order
to create chord progressions that ended on harmonically expected and unexpected chords,
as well as filler items. This repeated presentation might have therefore familiarized the
participants to the harmonic structure of the chord progressions, such that participants’
had greater harmonic expectations as to what kind of chord should complete the
progression for there to be resolution. If repeated presentation of the same harmonic
structure increased participants’ harmonic expectations, then participants in Slevc et al.’s
study should be more sensitive to harmonically unexpected chords, boosting their
likelihood of finding an interaction between visual congruency and harmonic expectancy.
Another area of concern in Slevc et al.’s stimuli is their choice to operationalize
harmonically unexpected chords generically as chords from a different key than the chord
progression’s tonic. By not specifying which kinds of out-of-key chords were used, it is
possible that the different out-of-key chords representing the harmonically unexpected
condition may have differed in their distance from the tonic on the circle of fifth,
resulting in different amounts of tonal stability. Furthermore, the combination of
repeating base harmonic structures with different out-of-key chords might have made
some of the harmonically unexpected chords particularly salient to the participants. If
certain out-of-key chords are more salient and these chords are paired with harmonically
familiar base chord progressions, then participants should be more sensitive to the lack of
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resolution caused by the out-of-key chord such that there would be an increased
likelihood of finding an interaction between visual congruency and harmonic expectancy.
Indeed, a discussion with Slevc and colleagues about our present findings revealed that
they have been unable to replicate their own findings and produce an interference effect
using new and better controlled for stimuli with this paradigm.
Another possible explanation for the differences in findings is recruitment criteria.
Slevc et al. report that participants were unselected with regard to musical training. It is
unknown if participants were unselected with regard to language background, too.
However, it is unlikely that recruitment criteria can explain our findings, because we
carefully screened participants by their language and music background, yet none of the
four participant groups showed the predicted interference effect between visual
congruency and harmonic expectancy.
Lastly, even though all participant groups demonstrated a Stroop effect, it could
be that inter-individual variation in cognitive control and working memory abilities in our
participants may have obscured or cancelled out the predicted interaction between visual
congruency and harmonic expectancy. However, we did not observe any relevant
significant correlations between our Stroop data and the battery of individual measures
we administered. Although Slevc et al. do not report individual difference measures,
inter-individual variation seems an unlikely explanation for the discrepancy between the
present results and Slevc et al.'s results.
Given that the findings from the present study do not conclusively support the
proposal that cognitive control is engaged during syntactic processing, as measured in the
adapted Stroop task, I will now consider whether the alternative attention and working
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memory hypotheses discussed in the general introduction (Chapter 1) are better able to
account for our findings. First, I will discuss Poulin-Charronnat et al.’s (2005) dynamic
attending explanation. According to this explanation, there are certain musical elements
that capture attention and information being concurrently processed can benefit from this
heightened attention. However, the data from the present experiments do not support this
explanation, because we chose our harmonically unexpected chords based on what has
been used previously by other studies to yield an interference effect (e.g., Koelsch &
Sammler, 2008; Maidhof & Koelsch, 2011; Sammler, Koelsch, & Friederici, 2011). Our
unexpected chords also always appeared progression-final where their contrast would be
most prominent as compared to an expected chord. In this way, our harmonically
unexpected stimuli were designed to be maximally attention grabbing in both harmonic
structure and placement within the progression, and yet we do not observe the predicted
interference effect.
Can Perruchet and Poulin-Charronnat (2013)’s attentional-based account explain
the present findings? According to this account, interference effects are only possible
when there are sufficient processing resources leftover from the primary task. That is, we
should only observe the predicted interference effect if there are enough resources
leftover from the color-word naming task to also process syntax in music at the same
time. Our follow-up analyses in Experiment 1A comparing response times from the first
half of the experiment to the second half of the experiment, suggest that even when the
task was at its easiest (because participants had extensively practiced the task),
participants were not experiencing an interference effect. In particular, participants
experienced a practice effect over the course of the experiment and were faster to respond
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in the second half. However, we did not see the interference effect emerge with the
overall decrease in response times, which is when the attentional-based account would
predict there were the most residual resources leftover to process the syntax in music.
Lastly, I will consider whether working memory can explain our results. Although
Fiveash and Pammer (2012) and Van de Cavey and Hartsuiker (2016) have observed
findings that suggest working memory is involved in syntactic processing, we found no
evidence for working memory affecting performance. Specifically, participants’ partial
storage score on the Operation-Span task, a measure of working memory, did not
significantly correlate with the magnitude of their Stroop interference effect on the
harmonically unexpected trials.
Overall, all of the participants in the current study were slower to respond to
visually incongruent Stroop trials as compared to visually neutral Stroop trials,
confirming that task worked and yielded the predicted Stroop interference effect.
Moreover, the task was sensitive to group differences and we observed that bilingual
musicians were overall faster to respond across visually incongruent and congruent
Stroop trials as compared to the other three groups. However, the findings from the
current study do not suggest that cognitive control, as measured by the adapted Stroop
task, is engaged during syntactic processing in music. We also did not observe that prior
experience with managing syntactic systems (either in language or in music) modulates
the engagement of cognitive control. For now, it appears that this adapted Stroop
paradigm does not yield consistent effects (which is corroborated by the inconsistent
effects in related behavioral data reported by Bialystok and DePape (2009) and Moreno
et al. (2014). As outlined above, observed effects using the paradigm (as in Slevc et al.,
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2013) seem to depend on specific characteristics of the stimulus materials, and disappear
when using a better controlled stimulus set (as in the present study).

Chapter 4
Experiment 2
Auditory processing is the processing of sound and is virtually always occurring.
It is used not only to help understand speech and music, but also everyday sounds in our
environment. Research has observed the effect of prior experience with auditory
processing in a number of different contexts related to language and music processing,
which we will briefly summarize below. In the present experiment, we examined the
effect of prior experience with auditory processing in a new context: cognitive control. In
particular, we examined whether prior experience with auditory processing in language
influences how cognitive control is engaged during syntactic processing in music. We
also tested Slevc and Okada’s (2015) proposal that cognitive control, a domain general
cognitive mechanism, could be one of the shared resources engaged during syntactic
processing in music.
Research studying auditory processing has observed that prior experience with
auditory processing in a given domain can influence auditory processing in another
domain, such that experience with auditory processing in language (i.e., tonal language
use) can affect auditory processing in music and vice versa (for a review, see Besson et
al., 2011). In these studies, tonal language speakers are often used as a model of prior
experience with auditory processing in language, because they rely on pitch processing.
Pitch processing is a specific form of auditory processing of language used to detect
minute changes in pitch (or tone) and assign a word’s meaning based on these
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differences. For example, tonal language speakers of Mandarin rely on pitch processing
to detect whether the pitch used in “ma” refers to the word ‘mother’ or ‘horse’.
One line of research has observed the effect of prior experience with auditory
processing at the subcortical level by recording auditory brainstem responses. For
example, studies have observed that musical training enhances the neural encoding of
speech at the subcortical level (e.g., Wong et al., 2007; Strait et al., 2009). Improvements
in auditory attention, auditory working memory, and auditory sensory processing were all
later proposed as explanations for these neural enhancements (e.g., Kraus, Strait, &
Parbery-Clark, 2012).Studies have also found that prior experience with auditory
processing of music and language can refine and improve the neural correlates of the
auditory system (e.g., Bidelman, Gandour, and Krishnan, 2011a; Bidelman, Gandour, and
Krishnan, 2011b). In particular, Bidelman, Gandour, and Krishnan (2011a) measured
auditory brainstem recordings in tonal language-speaking bilinguals, and non-tonal
language-speaking monolingual musicians and non-musicians. Bidelman et al. found
enhanced neural encoding for both lexical and musical tones for both the tonal language
speakers and musicians as compared to the non-tonal language-speaking non-musicians.
Later work by Bidelman and colleagues (Bidleman, Gandour, & Krishnan, 2011b), also
observed similar effects of prior experience of auditory processing in language and music
on the neural encoding of tuned and detuned musical chords. Collectively, there is a
growing body of research that suggests prior experience with auditory processing in
language and music can improve the neural correlates of the auditory processing system.
There is a second line of research that has examined the effect of prior experience
with auditory processing in language and music on the lower- and higher-level perceptual
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functions associated with speech and music perception. Bidelman, Hutka, and Moreno
(2013) shifted from examining music-to-language effects and investigated language-tomusic effects and administering a battery of behavioral tasks that measured auditory pitch
acuity, music perception, fluid intelligence, and working memory. In particular, basic
auditory tasks were administered in order to measure lower-level functions and melodic
perception tasks were administered in order to measure higher-level functions. Tonal
language speakers, monolingual musicians, and monolingual non-musicians participated
in the study.
The three groups performed similarly on the measure of intelligence, but differed
on the measure of working memory, which was driven mainly by the musicians
outperforming the non-musicians. It is unknown whether this effect is due to musical
training or pre-existing differences. For measures of pitch discrimination and speed, tonal
language speakers and musicians outperformed the non-musicians. For measures of
short-term pitch memory and melodic discrimination, there was a gradient in the
performance between groups. The particular differences between groups is not relevant
for the theoretical motivation of the present study, but the pattern of findings suggests
that complexity of the processing (high- vs. low-level) affects whether enhancement
between domains is observed. Bidelman et al. conclude by arguing that transfer between
language and music should be thought of occurring along a continuum depending on the
number of shared properties between systems.
Taken together, there is a growing body of evidence that suggests prior
experience with auditory processing in one area (i.e., language) can affect auditory
processing in another area (i.e., music) through enhancements to the subcortical auditory
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system and to the lower- and higher-level functions associated with auditory processing.
This line of literature motivated the present experiment to examine the effect of prior
experience with auditory processing in a new context: syntactic processing.
According to the Shared Syntactic Integration Resource Hypothesis (SSIRH;
Patel, 2003; 2008), syntax in language and music engage shared processing resources.
The SSIRH predicts that these resources are taxed during concurrent syntactic processing
of music and language, such that increased neural activation, exaggerated response times,
and reduced accuracy will be observed for tasks that involve concurrent linguistic and
musical syntactic processing as compared to tasks that involve either linguistic or musical
syntactic processing alone. One resource that has been hypothesized to be engaged during
syntactic processing in music is cognitive control (e.g., Slevc & Okada, 2015). Cognitive
control is a domain-general mechanism associated with helping build syntactic
expectations online and revising interpretations when unexpected information is
encountered. There is also literature that suggests prior experience with language and
music can enhance this mechanism (see the Introduction of Chapter 2 for specific
studies).
In the present study, we adapted a paradigm that Slevc, Reitman, and Okada
(2013) used to examine whether cognitive control is engaged during syntactic processing
in music. In this paradigm, the color-word naming Stroop task, which is classically used
to measure cognitive control, is paired with the presentation of harmonically expected
and unexpected chord progressions. Slevc et al. observed an interference effect, where
visually incongruent Stroop trials paired with harmonically unexpected chords took
longer to process as compared to visually incongruent Stroop trials paired with
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harmonically expected chords. The researchers interpreted this interference effect as
confirming their prediction that cognitive control is engaged during syntactic processing
in music.
To examine how prior experience with a tonal language influences the
engagement of cognitive control during syntactic processing in music, we compared the
adapted Stroop task data from the participants in the current experiment to the non-tonal
language-speaking bilinguals from Experiment 1A. If prior experience with a tonal
language influences syntactic processing in music in addition to the effect of prior
experience with managing two syntactic systems in language, we expected tonal language
bilinguals should show a reduced interference effect as compared to the non-tonal
language bilinguals, which would reflect their enhanced, more efficient auditory
processing skills2. Alternatively, if prior experience with a tonal language modulates how
cognitive control is engaged during syntactic processing in music, such that tonal
speakers are more sensitive to music and better able to process syntax in music, we
expected tonal language speakers to show an increased interference effect, which is in
line with Slevc and Okada’s (2015) cognitive control account.
As a secondary line of research, we examined whether there are additive effects of
prior experience on syntactic processing in music. If prior experience with musical
training has an effect on syntactic processing in music in addition to the effect of prior
experience with a tonal language, we expected tonal language bilingual musicians to
2

In the initial conceptualization of the experiments, before we began testing participants
and knew how the bilinguals in Experiment 1A performed, we decided to compare the
tonal and non-tonal language bilinguals in order to investigate the effect of prior
experience with a tonal language in addition to the effect of prior experience with
managing two syntactic system in language.
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show a reduced interference effect as compared to the non-tonal language bilingual nonmusicians, because musical training modulates syntactic processing in music in addition
to the effect of prior experience with a tonal language. Likewise, the four groups of
participants should differ from each other based on the nature of their prior experience(s),
that is, whether these experiences are in language, music, tone, or a combination of these.

Method

Participants
Twenty-five Chinese-English bilingual musicians and twenty-five ChineseEnglish bilingual non-musicians were recruited from the Pennsylvania State University
student population and State College area through the posting of flyers and emailing
university listservs. All of the participants were native Mandarin speakers who learned
English as a second language at school. All of the participants reported being dominant in
their native language (Mandarin) and having learned English as their second language.
Participants were able to read and write in Chinese characters.
Consistent with the bilingual recruitment criteria in Experiment 1A, bilingual
musicians were all early learners of a musical instrument (including voice) who were all
actively playing music on a weekly basis. Musicians were classically trained and able to
read at least one musical clef. They must not have considered jazz their primary genre or
percussion their primary instrument. Additionally, musicians must have all had training
with Western music and an instrument pertaining to Western music (i.e., no musicians
played exclusively traditional Chinese instruments). The non-musicians may have
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participated previously in required general music courses or ensembles during primary
schooling, but had never enrolled in private music lessons or learned music theory.
Five bilingual musicians and 2 bilingual non-musicians were excluded from
analyses because of failure to meet eligibility criteria. Twenty bilingual musicians and 23
bilingual non-musicians were included in the final data set.
Bilingual speakers’ proficiency in their two languages was measured by
comparing self-reports of language proficiency in Chinese and English from the language
history questionnaire and performance on the verbal fluency task performance in Chinese
and English. The mean ratings and standard deviations for the language history
questionnaires are reported in Table 4-1. Self-rated proficiency in Chinese was higher
than in English on speech, comprehension, reading, and writing (all p’s < .001).
However, performance on the verbal fluency task was significantly better in English
(M=33.56, SD=8.28) than in Chinese (M=28.05, SD=11.72; t(40)= 2.565, p = .014). This
finding is likely due to complexity of the task, which required participants to convert a
letter presented in English to a phoneme in Chinese before naming.
Table 4-1:
Mean self-reported language ratings for Chinese-English bilingual
participants.
Language ratings
(out of 10)
Reading
Writing
Speaking
Comprehending
Average

L1 – Chinese

L2 – English

M
9.67
9.35
9.74
9.79
9.64

M
7.88
7.02
6.98
7.79
7.42

SD
.64
1.02
.58
.56
.58

SD
1.14
1.24
1.34
1.04
.99
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Musicians’ experience with musical training was confirmed by comparing selfreports of years playing a musical instrument with non-musicians’ years playing a
musical instrument. Musicians had significantly more years of musical training
(M=10.60, SD=.99) than non-musicians (M=0.28, SD=0.67; F(1,41) = 121.84, p < .001).
The mean scores and standard deviations for the background measures (Chinese
and English verbal fluency O-Span, Flanker, and the tonal subset score for Gordon’s) are
reported in Table 4-2. A series of one-way analyses of variance (ANOVAs) comparing
performance of musicians and non-musicians on each of these tasks showed no
significant difference between the two groups on the Flanker effect for the Flanker task
(F(1,40) = .06, p = .816). There was a marginally significant difference for number of
tokens produced for the L1 (Chinese) verbal fluency task (F(1,41) = 3.746, p = .060); the
musicians produced slightly more tokens (7) than the non-musicians. There was a
significant difference between groups for number of tokens produced for the L2 (English)
verbal fluency task (F(1,40) = 5.807, p = .021). The musicians produced significantly
more tokens (6) as compared to the non-musicians. There was a significant difference
between groups for the partial score for the automated Operation Span task (F(1,42) =
14.52, p < .001); the musicians had a significantly higher partial score (M=70.10,
SD=4.84) as compared to the non-musicians (M=60.48, SD=10.33). There was a also
significant difference between groups for the composite percentile for Gordon’s task
(F(1,42) = 14.52, p < .001); the musicians scored on a significantly higher percentile
(M=74.90, SD=14.99) as compared to the non-musicians (M=65.22, SD=15.69).
Collectively, these findings suggest that the musicians had better verbal fluency in
English, working memory, and more musical aptitude than the non-musicians.
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Table 4-2: Mean values and standard deviations for the background measures by group.

Measure
L1 Verbal Fluency

Chinese-English
Musicians
M
SD
32.17
11.81

Chinese-English
Non-Musicians
M
SD
24.83
11.01

L2 Verbal Fluency

36.89

8.51

30.96

6.71

Operation Span (out
of 75)
Flanker (in ms)

70.10

4.84

60.48

10.33

63.36

25.74

61.57

23.86

Gordon’s (out of
76.85
17.04
67.22
15.69
100)
one-way ANOVAs were conducted comparing the two tonal language bilingual groups
from Experiment
2 with
the non-tonal
language bilingual
groups
from
Experiment
Four one-way
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the two
tonal
language1A on
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Verbalgroups
Fluency,
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Materials

Syntactic processing in music task
Adapted Stroop task. The adapted Stroop task is based on that used in
Experiments 1A and 1B. The only difference in this task is that color word stimuli for the
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Stroop task were now the Mandarin characters for “RED”, “GREEN”, and “BLUE”. A
neutral non-color character (the Mandarin character for “BALL”) replaced the neutral
letter string “XXXX” used in Experiment 1 in order to main presentation of the visual
stimuli in the participant’s native language.

Procedure
Participants followed the same procedure as in Experiment 1 except the verbal
fluency task was now administered in Mandarin and English (as opposed to in Dutch and
English). Specifically, participants were given a phonemic fluency task for Mandarin in
place of a letter fluency task to measure their native language proficiency and the
standard letter fluency task to measure their English proficiency.

Analyses
Data were prepared for analysis following the procedure described in the
Experiments 1A and B.

Results
To examine our research questions concerning the effects of tonal language use
and musical training on syntactic processing in music, response latency data from the
adapted Stroop task were analyzed by conducting three ANOVAs. First, to test whether
there are additive effects between the three kinds of prior experience tested (bilingualism,
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musical training, and tonal language use), we conducted a 4 Group (Chinese-English
bilingual musicians and non-musicians, Dutch-English bilingual musicians and nonmusicians) x 2 Congruency (incongruent, neutral) x 2 Expectancy (expected, unexpected)
ANOVA. Second, to test whether prior experience with a tonal language has an effect in
addition to speaking two languages, we conducted a 2 Group (Chinese-English bilingual
non-musicians, Dutch-English bilingual non-musicians) x 2 Congruency (incongruent,
neutral) x 2 Expectancy (expected, unexpected) ANOVA. Third, to test whether musical
training influences syntactic processing in music in addition to speaking a tonal language,
we conducted a 2 Group (Chinese-English bilingual musicians, Chinese-English bilingual
non-musicians) x 2 Congruency (incongruent, neutral) x 2 Expectancy (expected,
unexpected) ANOVA.
Mean response latencies associated with the analysis testing whether there are
additive effects of bilingualism, musical training, and tonal language use on syntactic
processing in music are shown in Figure 4-1. The main effect of Congruency was
significant (F(1,78) = 60.382, p < .001); responses to incongruent trials (M = 766 ms; SD
= 220) were 69 ms slower than to neutral trials (M = 697 ms; SD = 180). The main effect
of Group was also significant (F(3,78) = 4.018, p = .010). A Bonferroni post-hoc test
revealed that the Dutch-English bilingual musicians (M = 629 ms; SD = 194) were
overall significantly faster to respond than the Chinese-English bilingual non-musicians
(M = 827 ms; SD = 194, p = .005). No other group differences were significant. The main
effect of Expectancy was not significant (F(1,78) = .288, p = .593). There were no
significant interactions (all p’s > .10). In sum, all four groups demonstrated a significant
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Stroop effect, but the results from the ANOVA do not suggest there are additive effects
of prior experience on syntactic processing in music.

Figure 4-1: Mean color naming on adapted Stroop task for the four bilingual groups
tested across Experiments 1A and 2.
In the analysis testing whether tonal language use influences syntactic processing
in music in addition to speaking two languages, the main effect of Congruency was
significant (F(1,42) = 32.842, p < .001); responses to incongruent trials (M = 818 ms; SD
= 204) were 70 ms slower than to neutral trials (M = 748 ms; SD = 178). The main effects
of Group (F(1,42) = 2.402, p = .129) and Expectancy were not significant (F(1,42) =
.268, p = .607). There were no significant interactions between any of the factors (all p’s
> .10). In sum, the results from the ANOVA do not suggest tonal language use in
addition to speaking two languages influences syntactic processing in music.
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In the analysis testing whether musical training influences syntactic processing in
addition to the prior effects of speaking a tonal language and managing two syntactic
systems in language, the main effect of Congruency was significant (F(1,41) = 48.935, p
< .001); responses to incongruent trials (M = 834 ms; SD = 228) were 90 ms slower than
to neutral trials (M = 743 ms; SD = 191). The main effects of Group (F(1,41) = 1.478, p =
.231) and Expectancy were not significant (F(1,41) = .877, p = .355). There were no
significant interactions between any of the factors (all p’s > .10). In sum, the results from
the ANOVA do not suggest musical training in addition to speaking a tonal language
influences syntactic processing in music.
Correlational analyses were performed for the Chinese-English bilingual
musicians and non-musicians comparing the Stroop effect for the harmonically
unexpected condition with participants' average L1 rating, average L2 rating, English
verbal fluency score, Chinese verbal fluency score, partial score for Operation-Span task,
and Flanker effect (See Appendix D). There were no significant correlations between the
Stroop effect for the harmonically unexpected condition and any of the individual
difference measures (all p’s > .10).

Summary and discussion
In the present study, we examined whether and how prior experience with
auditory processing has an effect on syntactic processing in music. In particular, we
studied the effect of prior experience with auditory processing by testing tonal language
speakers. We also tested Slevc and Okada’s (2015) proposal that cognitive control could
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be one of the shared resources engaged during syntactic processing in language and
music. We adapted a paradigm used previously by Slevc, Reitman, and Okada (2013),
where the classic color-word naming Stroop task was paired with the presentation of
harmonically expected and unexpected chords. We administered this task, using
Mandarin characters in place of letter strings, to Chinese-English bilingual musicians and
non-musicians.
If cognitive control is engaged during syntactic processing in music, we expected
participants would be slowest to respond when visually incongruent Stroop trials were
paired with harmonically unexpected chords as compared to harmonically expected
chords. Furthermore, if prior experience with a tonal language affects syntactic
processing in music in addition to the effect of prior experience with syntactic
management in language, we expected tonal language bilingual musicians and nonmusicians would have a reduced Stroop interference effect as compared to the non-tonal
language bilingual musicians and non-musicians from Experiment 1A. Alternatively, if
prior experience with a tonal language modulates how cognitive control is engaged
during syntactic processing in music, such that tonal speakers are more sensitive to music
and better able to process syntax in music, we expected tonal language speakers to show
an increased interference effect, which is in line with Slevc and Okada’s (2015) cognitive
control account. If there were any additive effects of prior experience on syntactic
processing in music, we expected participants would differ from each other based on the
number of experiences they have and whether the experiences are in language, music,
tone, or a combination of these.

87

Chinese-English bilingual musicians and non-musicians were slower to respond
to visually incongruent trials as compared to visually neutral trials, confirming that also
these participants in Experiment 2 demonstrated a Stroop effect, replicating the effects
found in Dutch-English bilingual musicians and non-musicians and monolingual
musicians and non-musicians tested in Experiments 1A and 1B. We did not observe the
predicted interference effect between visual congruency and harmonic expectancy, which
also parallels the findings of Experiments 1A and 1B. In the analyses comparing the
bilingual data in the present experiment to the non-tonal language-speaking bilingual data
from Experiment 1A, we did not find an effect of group, which suggests there were no
additive effects associated with prior experience with a tonal language in addition to prior
experience with syntactic management.
Overall, we observed that a Stroop task using Mandarin characters paired with the
presentation of harmonically expected and unexpected chord progressions can yield the
predicted Stroop interference effect. Note, however, that we did not observe the predicted
interference effect between visual congruency and harmonic expectancy. Although this is
contrary to Slevc, Reitman, and Okada’s (2013) study which reported an interference
effect, our lack of interference effect is consistent with the findings of Experiments 1A
and 1B where we also did not observe interference effects between visual congruency
and harmonic expectancy, despite having used the same paradigm as Slevc et al. (2013).
Given that the only change in paradigm between Experiment 2 and Experiment 1A/1B is
the use of Mandarin characters for the visual stimuli in place of English letter strings, we
again propose that differences in musical stimuli between our study and Slevc et al.’s are
the best explanation for the differences in findings between these studies. We will now
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briefly consider whether any of the executive functioning hypotheses discussed in the
general introduction can account for our findings. Afterward, we will conclude by
discussing how our findings inform the work conducted by Bidelman and colleagues.
Given the similarities between the Experiment 2 and Experiment 1A/1B’s
findings, the alternative theories reviewed as potential explanations for the findings in
Experiment 1A/1B cannot account for the present findings. Specifically, the use of
Mandarin characters instead of words does not fundamentally alter attentional
mechanisms, such that the characters would now receive a boost in attention when
processed concurrently with harmonically unexpected chords, in line with PoulinCharronnat et al.’s (2005) dynamic attending explanation. Furthermore, also in
Experiment 2 we did not find a correlation between participants’ partial storage score on
the Operation-Span task and the magnitude of their Stroop interference effect on the
harmonically unexpected trials. The absence of this correlation suggests inter-individual
variation in working memory span in our participants did not obscure or cancel out the
predicted interaction effect between visual congruency and harmonic expectancy.
Our findings inform the work conducted by Bidelman et al. (2011a; 2011b) and
suggest that despite the evidence that auditory processing in one area (i.e., language) can
affect auditory processing in another area (i.e., music) through enhancements to the
subcortical auditory system and to the lower- and higher-level functions associated with
auditory processing, it does not appear that prior experience with auditory processing in
language influences syntactic processing in music. Specifically, our findings suggest that
prior experience with auditory processing in language does not influence how cognitive
control is engaged during syntactic processing in music. This observation is interesting
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given the previous research that reports prior experience with auditory processing
enhances lower- and higher-order auditory functions, which is observable in behavioral
measures of accuracy and response time (Bidelman, Hutka, & Moreno, 2013). We
interpret the findings from Experiment 2 to therefore suggest that the extent to which
prior experience with auditory processing is associated with enhanced behavioral
performance depends on whether behavioral performance is rooted in neural
enhancements at the subcortical level. In other words, we did not observe auditory
processing influencing how cognitive control is engaged during syntactic processing in
music in the present study, because the underlying neural enhancements for speech and
music encoding do not affect cognitive control.
Overall, all of the participants in the current study were slower to respond to
visually incongruent Stroop trials as compared to visually neutral Stroop trials,
confirming that task yielded the predicted Stroop interference effect. Moreover, we
observed no differences between the tonal-language speaking bilingual musicians, tonallanguage speaking bilingual non-musicians, non-tonal language-speaking bilingual
musicians, and non-tonal language-speaking bilingual non-musicians in the response
times for this task. Therefore, our findings suggest that cognitive control, as measured by
the adapted Stroop task, is not engaged during syntactic processing in music.
Furthermore, these findings suggest that prior experience with auditory processing in
language does not influence how cognitive control is engaged during syntactic processing
in music. Because we did not observe an interference effect, we are unable to provide any
insight on the alternative hypothesis based on Slevc and Okada’s (2015) cognitive control
account, which would have predicted that if prior experience with a tonal language
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modulates cognitive control, such that tonal speakers are more sensitive to music and
better able to process syntax in music, tonal speakers would show an increased
interference effect as compared to non-tonal speakers,
To conclude, the findings from Experiment 2 do not suggest that cognitive
control, as measured by the adapted Stroop task, is engaged during syntactic processing
in music. We also did not observe that prior experience with auditory processing in
language modulates the engagement of cognitive control. Furthermore, we provide
further evidence that observed interference effects using the paradigm (as in Slevc et al.,
2013) seem to depend on specific characteristics of the stimulus materials, and disappear
when using a better controlled stimulus set (as in Experiments 1A/B and 2).
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Chapter 5
Experiment 3
In neuropsychology, a double dissociation has been observed for the neural
correlates of language and music. There are clinical case studies describing individuals
who suffer from impaired musical (harmonic) processing, but possess intact processing in
the linguistic domain, and vice versa (e.g., Peretz, 1993; Slevc, Faroqi-Shah, Sexana, &
Okada, 2016); for a review, see Peretz & Coltheart, 2003). At the same time,
neuroimaging data suggest syntactic processing in language and music can activate
similar neural regions, such as Broca’s area (e.g., Maess et al., 2001). The Shared
Syntactic Integration Resource Hypothesis reconciles these mixed findings by proposing
that there are distinct syntactic representations for language and music, but shared
resources for syntactic processing in language and music (e.g., SSIRH; Patel, 2003;
2008). The hypothesis predicts that these shared resources have a limited processing
capacity and are taxed during concurrent syntactic processing of music and language,
such that increased neural activation, exaggerated response times, and reduced accuracy
will be observed for tasks that involve concurrent linguistic and musical syntactic
processing as compared to tasks that involve either linguistic or musical syntactic
processing alone. To examine the predictions of the SSIRH, a line of research has
emerged that is focused on identifying whether similar or different resources are engaged
during syntactic processing in language and music using neurophysiological
methodologies (e.g., Besson et al., 1998; Featherstone, Morrison, Waterman, and
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MacGregor, 2013; Koelsch, Gunter, Wittfoth, & Sammler, 2005; Koelsch et al., 2011;
Patel et al., 1998; Steinbeis & Koelsch, 2008). The SSIRH’s prediction of shared
processing resources has been tested in three studies that used electrophysiological
methodologies. Below we will discuss these three studies and outline how they motivated
the present electrophysiological study of the SSIRH, the research questions, and the
choice of stimulus materials.
Patel et al. (1998) recorded event-related potentials (ERPs) during syntactic
processing in language and music. ERPs are a non-invasive measure of naturally
occurring electrical activity in the brain that is time-locked to the offset of stimulus
presentation. The ERP technique is recognized for its temporal sensitivity at the
millisecond level, making it suitable for examining the time course of syntactic
processing in language and music. Patel et al. recorded ERPs to examine whether a rightlateralized, posterior positivity peaking at approximately 600 ms post-stimulus
presentation that is commonly observed during syntactic processing in language is also
present during syntactic processing in music (P600; Osterhout & Holcomb, 1993). In
particular, the P600 is often observed after the presentation of syntactically incorrect
information (e.g., an error in subject-verb agreement; e.g., Tanner, Nicol, & Brehm,
2014) or syntactically complex and unexpected information (e.g., a garden path sentence;
e.g., Kaan, Harris, Gibson, & Holcomb, 2000). This ERP component is typically
interpreted as an index of syntactic reanalysis and integration in language with the
magnitude of the amplitude an indicator of processing difficulty.
In Patel et al. (1998), musician participants completed two listening experiments
while ERPs were recorded. In one experiment, participants listened to linguistic stimuli
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presented out loud. In the other experiment, participants listened to musical stimuli
presented out loud. The same participants completed each experiment, during which they
judged the stimuli on their acceptability. There were three linguistic conditions:
syntactically simple (i.e., grammatically correct, declarative sentences), syntactically
complex (i.e., grammatically correct sentences containing reduced relative clauses), and
syntactically impossible (i.e., grammatically incorrect sentences). There were also three
musical conditions: harmonically expected, harmonically nearby, and harmonically
distant. Nearby chord progressions were created by featuring chords from three keys
away on the circle of fifth, whereas distant chord progressions were created by featuring
chords from five keys away on the circle of fifth. Both the harmonically nearby and far
away conditions were considered to violate harmonic expectations.
Patel et al. observed an increased P600 for syntactically incorrect as compared to
syntactically correct sentences. A smaller P600 effect was observed for syntactically
complex as compared to syntactically correct sentences. Similarly, there was a P600
effect present for distant chords as compared to expected chords and a smaller P600
effect for nearby chords as compared to expected chords. To explore whether there were
modality-specific effects, researchers also calculated difference waves in each modality
(incorrect – correct) and then compared the resulting waves. Analyses on these difference
waves revealed the ERP components observed in language and in music were the same in
amplitude and scalp distribution. Given the similarities of the P600 effect in language and
music, Patel et al. (1998) concluded that the P600 effect reflects structural integration and
the difficulty of fitting a syntactic unit (linguistic or musical) into the context (sentence or
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musical phrase). This finding supports the SSIRH and suggests that there are shared
resources for syntactic processing in language and music.
Building on Patel et al.’s (1998) ERP evidence for shared cognitive resources for
syntactic processing in language and music, Koelsch, Gunter, Wittfoth, and Sammler
(2005) used ERPs to investigate whether resources are also shared between semantic
processing in language and syntactic processing in music, in addition to the resources
shared between syntactic processing in language and music. Koelsch et al. examined two
ERP components in response to music: an early right negativity that peaks approximately
200 ms after the presentation of harmonically unexpected chords (ERAN) and a bilateral,
anterior negativity that has been observed to follow the ERAN at around 500 ms poststimulus offset (N500; Koelsch & Friederici, 2003). The ERAN has been hypothesized to
reflect processing of a harmonically unexpected chord with respect to the harmonic
structure, whereas the N500 reflects processes of harmonic integration (e.g., Koelsch &
Friederici, 2003; Koelsch, Gunter, Friederici, & Schröger, 2000). They also examined
two components in response to language: a left anterior negativity that occurs between
300 and 500 ms thought to reflect morpho-syntactic processing (LAN) and a negativegoing wave that typically peaks 400 ms after stimulus onset that is thought to reflect
lexico-semantic processing (N400). The LAN and N400 are distinguished from one
another based on their scalp topography. As opposed to the LAN, which is more
prominent for anterior regions, the N400 is more prominent over centro-parietal scalp
regions. Linguistic stimuli included syntactically correct sentences, syntactically incorrect
sentences containing a morpho-syntactic violation, and sentences of high and low
semantic cloze probability. Musical stimuli included harmonically expected and
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unexpected chords. Participants read sentences and listened to chord progressions
presented simultaneously, and they completed an acceptability task on the sentence-final
words. Koelsch et al. predicted that if simultaneous processing of syntax in music does
not interact with processing of syntax and semantics in language, harmonically
unexpected chords would not influence the LAN and N400, respectively. They also
predicted that harmonically unexpected chords would still elicit the ERAN and N500,
despite the fact that participants were instructed to concentrate on the linguistic stimuli,
because previous studies reported music processing occurs even in conditions in which
participants are told to ignore on-going music (e.g., Maidhof & Koelsch, 2011).
Critically, the SSIRH’s assumption of shared resources between music and language
would predict that syntactic irregularities in music and morpho-syntactic violations in
language interact, but other than stating that "the presentation of a music-syntactic
irregularity would influence the processing of syntactic violations within the sentences"
(p. 1566) Koelsch et al. they did not further specify this interaction in terms of observed
effects. Similarly, they did not specify how the interaction between processing of
syntactic irregularities in music and semantic language processing would be reflected in
the ERP data, because, as they argue, the currently available studies do not yet yield a
consistent enough picture to make such predictions.
Koelsch et al. observed that the LAN elicited by the morpho-syntactic violations
in sentences was reduced when paired with simultaneous presentation of a harmonically
unexpected chord, in line with the prediction of the SSIRH that syntactic irregularities in
music interact with morpho-syntactic violations in language. However, the N400 elicited
by semantically unexpected words was not reduced when paired with a harmonically
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unexpected chord. Interestingly, Koelsch et al. also did not find an N500 following the
ERAN in response to harmonically unexpected chords like they reported in some of their
previous studies (e.g., Koelsch et al., 2000; Koelsch et al., 2002; Koelsch et al., 2003).
Overall, the observation that concurrent syntactic processing in music was associated
with a reduced amplitude for the LAN, a marker of syntactic processing in language, and
not for the N400, a marker of semantic processing in language, led Koelsch et al. to
conclude that there are shared resources engaged during syntactic processing in language
and music, but not for semantic processing in language and syntactic processing in music.
Based on previous studies reporting the P600 (e.g., Patel et al., 1998) and others
reporting the N500 (e.g., Koelsch et al., 2000) in response to harmonically unexpected
chords, Featherstone et al. (2013) examined when the P600 versus the N500 are observed
during syntactic processing in music. Featherstone et al. hypothesized that different
studies may have reported different ERP components (P600 and N500) during syntactic
processing in music because of the nature of the harmonically unexpected chords used.
For example, Patel et al. (1998) observed the P600 when a harmonically unexpected
chord was presented in the middle of an otherwise syntactically congruous chord
progression. After the presentation of the critical chord, the progression returned to the
original musical key. Therefore, Patel et al. observed the P600 in response to a chord
functioning as a sort of harmonic detour. On the other hand, Koelsch et al. (2000)
observed the N500 when a harmonically unexpected chord was presented progressionfinal. This placement choice meant that the chord progression was left unresolved and
unable to return to its original musical key, and it suggests that the N500 reflects a lack of
resolution.
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To examine whether the P600 and N500 are elicited in response to different kinds
of chords, Featherstone et al. tested musician and non-musician participants who listened
to chord progressions while ERPs were recorded. (Participants also provided ratings on
each progression, but those results are not relevant for the present study and will not be
discussed here.) Three kinds of chord progressions were used: progressions featuring a
harmonic incongruity that is resolved later in the progression (harmonic detour),
progressions featuring an unresolved harmonic incongruity (lack of resolution), and
progressions that were entirely harmonically congruous. Featherstone et al. tested
musicians and non-musicians based on the observation that the P600 has been observed
primarily in studies testing musicians (e.g., Patel et al., 1998) while the N500 has been
observed in studies testing participants from more musically heterogeneous backgrounds
(e.g., Koelsch et al., 2000). Featherstone and colleagues expected to observe the P600 in
response to harmonic detours only in musicians based on Patel et al.’s (1998) findings
with musicians and the N500 in response to a lack of resolution in both the musicians and
non-musicians. Indeed, musicians were sensitive to both the harmonic detours and lack of
resolution. Both musical structures elicited a P600 in the musicians. Non-musicians were
not sensitive to the harmonic detours, but were sensitive to the lack of resolution, which
elicited the N500.
Overall, the findings from these studies offer inconclusive support for the
SSIRH’s prediction that there are shared resources for syntactic processing in language
and music. On the one hand, Patel et al. (1998) tested the SSIRH and observed the P600
during syntactic processing in language and music, which they interpreted as evidence for
shared resources. On the other hand, the SSIRH has also been informed by music
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cognition studies that examined the neural correlates underlying syntactic processing in
music, and not the neural correlates underlying syntactic processing in language. For
example, Koelsch et al. (2000) first observed a second ERP component in response to
syntactic processing in music (i.e., the N500). The N500 resembles an ERP component
associated with semantic processing in language, the N500, which does not align with
SSIRH’s claim that shared resources exist only for syntactic processing in language and
music, and not for semantic processing in language (or music). In another study focused
only on investigating the neural correlates underlying syntactic processing in music,
Featherstone et al. (2013) found that whether a P600 or N500 is observed depends largely
on the different harmonic structures being processed. It remains to be investigated
whether processing different syntactic structures in language also more than one ERP
component and whether any of these components in response to syntactic processing in
language overlap with those components associated with syntactic processing in music.
By combining Patel et al.’s (1998) approach to study syntactic processing during
language and music by administering two separate tasks and Featherstone et al.’s (2013)
approach to examine the ERP components elicited in response to multiple structures (i.e.,
harmonic detours and resolutions) during syntactic processing in music, the present study
not only examined whether syntactic processing in language and music engages shared
resources, but also whether syntactic processing of multiple structures (i.e., syntactic
ambiguities and violations) engages the same resources.

Present study
In Experiment 3, we continued to test the SSIRH’s prediction that there are shared
resources for syntactic processing in language and music by examining whether similar
ERP components are observed in response to different syntactic structures in language
and music in non-musicians who have limited to no formal musical training, thereby
extending the work conducted by Patel et al. (1998) to a new population and extending
Featherstone et al.’s (2013) hypothesis to see whether different structures can elicit
different ERP responses during syntactic processing in language. Specifically, we
examined the ERP effects in response to syntactic processing of violations and
ambiguities within language (e.g., P600, LAN) and within music (e.g., P600, N500) and
also compared the effects between language and music. Testing non-musicians on
syntactic processing in language and music added a novel perspective to earlier
electrophysiological work (in particular, Patel et al., 1998) in that it allowed us to
examine whether non-musicians also engage similar resources in music and language
processing. Furthermore, testing non-musicians allowed us to examine whether Patel et
al.'s findings of participants engaging similar resources were driven by the fact that
participants were trained musicians and experienced language users, and hence were
driven by prior experience with regulating syntax in language and in music in the form of
formal musical training. Moreover, Featherstone et al. (2013) tested non-musicians and
musicians, but studied only syntactic processing in music and not in language.
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Second, we changed the nature of the language and music stimuli in the present
study to enhance their validity. In their methodological review paper, Featherstone,
Waterman, and Morrison (2011) review stimuli that have been used in previous studies
testing the SSIRH and introduce ways in which these stimuli have not actually been
syntactically comparable across language and music. For example, Patel et al. (1998)
tested three syntactic structures for language and three for music processing that varied in
the ease with which the structure could be integrated into the larger context. Both the
language and music stimuli contained one condition that was easy to integrate
structurally, one that was difficult to integrate, and one that was impossible. The
conditions were not designed to be specific structural parallels across language and
music. For example, the difficult condition in language contained a syntactic ambiguity
(i.e., reduced relative clause), whereas the difficult condition in music contained a
harmonic violation (i.e., out-of-key chord). Given that the conditions were not designed
to be structural parallels, it is possible that Patel et al. actually measured and compared
the resources engaged during syntactic processing of ambiguities in language to the
resources engaged during syntactic processing of violations in music. We therefore
constructed our linguistic and musical stimuli to be structural parallels, making our
stimuli, to our knowledge, the first set of stimuli that allowed for investigation of
syntactic processing of multiple structures using syntactically comparable between
language and music. In addition, as will be explained in more detail below, the use of this
stimulus set allowed us to help refine the SSIRH in terms of what resources are
underlying syntactic processing in language and music.
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In order to test equivalent syntactic structures across language and music, we
examined syntactic ambiguities and violations. Not only have these structures been tested
in language studies, allowing us to base our linguistic predictions on previous findings,
but also equivalent musical ambiguities and violations could be created using two of the
most commonly tested chords. In language, we adapted the syntactic garden path
sentences from Patel et al. (1998) as the ambiguity stimuli and adapted the subject-verb
agreement sentences from Tanner and Van Hell (2014) as the violation stimuli (for
specifics, see Experiment 3’s Method section). In music, we created chord progressions
containing double dominant chords as the ambiguity stimuli and used chord progressions
containing Neapolitan sixth chords as the violation stimuli. In particular, double
dominant chords were used to create the ambiguity condition by functioning as a pivot
chord from one key to another within the chord progressions. In this manner, we created
ambiguity conditions in both language and music that when encountered, should recruit
similar cognitive mechanisms. The reduced relative clauses in the garden path sentences
and the double dominant chords in the progressions will be unexpected by the listener
and will only be successfully integrated into the larger syntactic structure after the
ambiguity has been detected, and cognitive control engaged to revise the initial syntactic
interpretation and resolve the ambiguity. Neapolitan sixth chords were used to create the
violation condition and did not have a harmonically expected function within the chord
progressions. In this manner, we also created comparable violation conditions in
language and music. The subject-verb agreement violations in the sentences and the
Neapolitan sixth chords in the progressions will be unexpected by the listener and even
once the violation has been detected, the violation will remain impossible to integrate into
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the larger structure, no matter what cognitive mechanisms are engaged. By departing
from Patel et al.’s (1998) choice to match their linguistic and musical stimuli only on the
degree of complexity (i.e. easy, difficult, impossible), we were able to make direct
comparisons between actual structure types (i.e. between syntactic processing of
violations in language and music and between syntactic processing of ambiguities in
language and music).
In discussing the predictions, I will begin with the ERP predictions in response to
syntactic ambiguities in language and music. If participants are sensitive to the syntactic
ambiguities in language (e.g., garden path sentences), we expected participants to show a
P600 in response to their presentation, which would be in line with Patel et al.’s (1998)
findings. However, there is a phenomenon from the field of psycholinguistics that
suggests extra-linguistic information can be used to help process syntactic ambiguities in
language. For example, Pauker, Itzhak, Baum, and Steinhauer (2011) observed that
speech boundaries (e.g., prosodic breaks) can elicit a late positivity known as the closure
positive shift (CPS) and help disambiguate syntactic structures. Thus, if prosodic breaks
are able to help disambiguate the syntactic structure in the present experiment, then we
expected to observe a closure positive shift and no P600. If participants are not able to
use prosodic breaks to help disambiguate the syntactic structure, then we expected
participants to show a P600 in response to an ambiguous structure in language. Taken
together, if we observe a CPS and not a P600 using the same stimuli as Patel et al.
(1998), our findings would suggest that Patel et al.’s (1998) findings were driven
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participants not being able to use the prosodic break to help disambiguate the syntactic
ambiguity in the language stimuli.3
We examined two different chords within the chord progressions for the music
ambiguity condition. The first chord was the placement of the ambiguity (i.e., the double
dominant chord). The second chord was the point at which the chord progression returned
to the original key (i.e., harmonic resolution). If non-musicians are not sensitive to the
syntactic ambiguities in music (i.e., double dominant chords functioning as musical
detours), we expected participants to not show any particular ERP component in response
to the ambiguity chords, which would replicate Featherstone et al.’s (2013) findings that
non-musicians respond differently to syntactic ambiguities in music as compared to
musicians. Overall, this would reflect that participants are not sensitive to the chord
progressions departing from the initial key. If our participants are not sensitive to the
music ambiguity, we expected participants would also not be sensitive to harmonic
resolution when the chord progression returns to the key and to not show any particular
ERP component in response to the resolution point. However, if our participants are
sensitive to the syntactic ambiguity manipulation, we expected participants to show a
P600 in response to the ambiguity, as well as the resolution point. This finding would
suggest our non-musician participants were trying to structurally integrate the musical
chords into the surrounding context and were processing the syntactic ambiguity in music
similarly to the musicians tested in Featherstone et al. and the musicians tested in Patel et
al. (1998).
3

During stimuli creation, we contacted Patel et al. to see whether their stimuli
contained prosodic breaks. They reported not remembering how the stimuli were
recorded, but speculated the speaker would have inserted a prosodic break, because that
is most natural.
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I will now discuss the ERP predictions in response to syntactic violations in
language and music. If participants are sensitive to the syntactic violations in language
(i.e., subject-verb agreement violations), we expected participants to show a P600, which
would be in line with Tanner and Van Hell’s (2014) findings. If participants were
sensitive to the syntactic violations in music (e.g., Neapolitan sixth chords), we expected
participants to show an N500 in response to their presentation, which is an indicator of
processing harmonic incongruities. This finding would be in line with Featherstone et
al.’s (2013) non-musician findings.
By comparing our findings across music and language, we were able to examine
whether similar resources are engaged during syntactic processing of ambiguities and
violations in language, in music, and between language and music. If syntactic processing
of violations and ambiguities in language and music engage the same resource, we
expected participants to show the same ERP response (i.e., P600) in response to the
syntactic ambiguities and violations presented in language and music. This pattern of
findings would replicate Patel et al.’s (1998) findings and would suggest that nonmusicians also engage similar resources in music and language processing, on both
ambiguities and violations. At the same time, this pattern of findings would suggest that
non-musicians and musicians engage similar resources, and that Patel et al.’s findings
were not driven by their musician participants’ prior experience with regulating syntax in
language and in music in the form of formal musical training.
However, if different resources are engaged for syntactic processing of
ambiguities and violations in language and for syntactic processing of ambiguities and
violations in music, we expected participants to show different ERP effects in response to
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the ambiguities and violations within language and to the ambiguities and violations
within music. In particular, we expected participants to show a CPS in response to the
syntactic ambiguity in language and a P600 in response to the syntactic violation in
language. We expected participants to show no effect in response to the syntactic
ambiguity in music and an N500 in response to the syntactic violation in music. This
pattern of findings would be in line with Featherstone et al.’s (2013) argument that
different syntactic structures can engage different processing resources and elicit different
ERP responses. Furthermore, if our data do not support the SSIRH’s predictions and we
observed differences between the resources engaged during syntactic processing in
language and music, it would mean that the SSIRH needs to be refined to account for the
different resources engaged during the processing of different structures (ambiguities vs.
violations), and the effect of prior experience on the resources engaged during syntactic
processing in language and music.

Method

Participants
Thirty-five monolingual non-musicians were recruited from the Pennsylvania
State University student population and State College area through the posting of flyers
and emailing university listservs using the same monolingual non-musician recruitment
criteria as in Experiments 1A and 1B. Three participants were excluded from analyses
due to failure to meet eligibility criteria and 9 were excluded because of failure to follow
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task instructions to refrain from blinking during presentation of the stimuli. Twenty-two
participants were included in the final data set.
Participants’ proficiency in their two languages was measured by comparing selfreports of language proficiency in their first and second language from the language
history questionnaire. The mean ratings and standard deviations for the language history
questionnaires are reported in Table 5-1.
Table 5-1: Mean self-reported language ratings for English monolingual non-musician
participants.
Language ratings
(out of 10)
Reading
Writing
Speaking
Comprehending
Average

L1 – English
M
9.91
9.73
9.91
9.91
9.86

L2 – Varied
SD
.29
.55
.29
.29
.32

M
1.86
1.73
1.76
2.14
1.76

SD
1.31
1.24
1.09
1.65
1.25

Participants’ experience with musical training was measured in self-reports of
years playing a musical instrument (including voice). Participants reported having less
than two years of musical training (M=1.41, SD=1.50).
The mean scores and standard deviations for the background measures (English
verbal fluency, O-Span, and Gordon’s) are reported in Table 5-2. One-way ANOVAs
comparing the participants from the present experiment to the other monolingual nonmusician participants from Experiments 1A and 1B revealed no significant effects of
Group (all p’s > .356), which confirms that the monolingual non-musicians participants
recruited in this dissertation project are representative of the population.
Table 5-2: Mean values and standard deviations for the background measures.
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Measure
English Verbal Fluency
Operation Span (out of 75)
Gordon’s (out of 100)

M
33.35
56.50
51.45

SD
5.15
11.22
19.93

Materials

Language
Experimental stimuli were created in two conditions: ambiguity and violation.
The ambiguity condition consisted of garden path sentences. Sentence frames contained a
reduced relative clause (e.g., One of the cameramen ignored filmed a beautiful shot of the
sunset). Simple declarative sentences containing a transitive verb were used as control
sentences (e.g., One of the sightseers had filmed a beautiful shot of the sunset). To create
these stimuli, we adapted the stimuli from Conditions A and B from Patel et al. (1998).
Adaptations were made to ensure that we controlled for the linguistic content of each
sentence. For example, we adapted the stimuli to make sure that an equal number of
stimuli begin with “One of the…” and “Some of the…”. We also removed and replaced
any irregular verbs. Ten additional sentence pairs were created in order to bring the total
number of sentence pairs to 40. Stimuli for the ambiguity condition ranged from 11-12
words in length. Half of the stimuli began with “One of the….” and the other half of the
stimuli began with “Some of the…” Each sentence contained a unique, animate subject to
help prevent participants from forming expectations based on a sentence’s subject. Forty
sentences were constructed, with two versions of each sentence.
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The violation condition consisted of subject-verb agreement sentences. Sentence
frames contained a singular subject noun followed by a prepositional phrase modifier
containing either a singular or plural attractor noun, which was followed by an auxiliary
verb that either agreed or disagreed with the singular subject noun in number (is/are,
was/were), ending with a short predicate (e.g., The agent with the new office is/are hiring
a few more workers). To create these stimuli, we selected a subset of the stimuli from the
subject-verb agreement condition from Tanner and Van Hell (2014). Stimuli for the
violation condition ranged from 10-12 words in length. Again, each sentence contained a
unique, animate subject. Eighty sentence frames were constructed, with four versions of
each sentence. The four versions of each experimental sentence were distributed across
two lists in a Latin square design such that the experimental condition was presented with
a maximally different control condition. Grammatical sentences with a singular subject,
singular attractor noun, and singular auxiliary verb were presented with ungrammatical
sentences with a singular subject, plural attractor noun, and plural auxiliary verb.
Grammatical sentences with a singular subject, plural attractor noun, and singular
auxiliary verb were presented with ungrammatical sentences with a singular subject,
singular attractor noun, and plural auxiliary sentence. Each list contained 80 grammatical
and 80 ungrammatical sentences, and no participant saw more than two versions of the
same sentence frame.
Filler sentences were constructed from the violation condition to prevent
participants from forming a strategy based on the presentation of a singular subject noun.
Filler sentences were identical in nature to the violation sentences except that they began
with a plural subject noun. Forty filler sentence frames were constructed, with four
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versions of each sentence (e.g., The pharmacists at the drug store is/are taking their lunch
break). The four versions of each filler sentence were also distributed across the two lists
in a Latin square design. Like in the violation condition, the experimental condition in
each list was presented with a maximally different control condition. Each list contained
40 grammatical and 40 ungrammatical filler sentences, and no participant saw more than
two versions of the same sentence frame.
Sentences were recorded by an adult female speaker with a neutral accent using
Praat 5.4.22 recording and editing software (Boersma & Weenink, 2013;
www.fon.hum.uva.nl/praat/). The speaker was instructed to read the sentences at an easy
and clear pace, putting pauses in the sentences as she would naturally. Experimental and
filler sentences from the violation condition were created by splicing together two
recordings, so that the speaker was never asked to read a grammatically incorrect
sentence.
Thus, in this experiment there were 240 experimental sentences (40 garden path
sentences, 40 garden path controls, 80 grammatical agreement sentences, 80
ungrammatical agreement sentences) and 80 filler sentences (40 grammatical agreement
sentences and 40 ungrammatical agreement sentences, with plural subject nouns). The
resulting lists each had 320 sentences. Sentences from each condition were distributed as
evenly as possible amongst 8 blocks.
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Music
Critical stimuli were created in the two conditions used in the language
experiment: ambiguity and violation. In the ambiguity condition, a double dominant
chord was chosen as the critical chord (e.g., I IV V V7 V/V iii vi V7 I ii43 V7), because
double dominant chords can function as a pivot chord, moving the progression away from
the tonic key without violating any of the rules of music theory. By creating chord
progressions containing a harmonically unexpected chord that can be parsed to fit into the
harmonic structure (i.e. tonic key), we created a syntactic ambiguity in music similar to
how syntactic garden path sentences function in language. Our choice to use a double
dominant chord was also motivated by the fact that previous studies have used this chord
type as their harmonically unexpected condition (e.g., Koelsch & Sammler, 2008;
Maidhof & Koelsch, 2011; Sammler, Koelsch, Friederici, 2011). Chords from within the
progression’s tonic key appeared in the critical chord’s place in the control progressions
(e.g., I IV V V7 IV iii vi V7 I ii43 V7 I). Stimuli for the ambiguity condition ranged from
12-13 chords in length. Each chord progression began with the tonic chord and was
repeated once to establish the chord’s key. The critical chord always fell on the sixth
chord of each progression and the progressions were created to return back to the tonic
key on the 9-11 chord. Forty chord progressions were constructed, with two versions of
each progression.
In the violation condition, we chose Neapolitan sixth chords as the critical chord
(e.g., I IV iii V bII6 V7 I IV V7/V V I), because Neapolitan sixth chords do not function
in the progression’s tonic key. By creating chord progressions containing a harmonically
unexpected chord that does not function or belong into the progression’s tonic key, we

111

created a syntactic violation in music similar to how subject-verb agreement violations
function in language. Previous studies have also used this chord type in their
harmonically unexpected condition (e.g., Koelsch, Gunter, Wittfoth, & Sammler, 2005;
Steinbeis & Koelsch, 2008). Chords from within the progression’s tonic key appeared in
the critical chord’s place in the control progressions (e.g., I IV iii V ii V7 I IV V7/V V I).
Stimuli for the violation condition ranged from 12-13 chords in length. Each chord
progression began with the tonic chord and was repeated once to establish the chord’s
key. The critical chord always fell on the sixth chord of each progression. Forty chord
progressions were constructed, with two versions of each progression.
Filler chord progressions were constructed from both the ambiguity and violation
conditions to help prevent participants from realizing the critical chord occurred on the
sixth chord of each progression. Filler chord progressions were identical in nature to the
experimental chord progressions except that their critical chords occurred before or after
the sixth chord of each progression. Half of the chord progressions had the critical chord
occur before the sixth chord, on chord 4 or 5, and half of the chord progressions had the
critical chord occur after the sixth chord, on chord 7 or 8. Forty violation chord
progressions were constructed, with two versions of each progression. Forty ambiguity
chord progressions were constructed, with two versions of each progression.
Chord progressions were created using Finale SongWriter software (MakeMusic,
Inc., Eden Prairie, MN, USA). The progressions were played on the piano, all using the
same tempo and rhythm. Chords were created in 5 major keys: C, F, Bb, D, and G.
Thus, in this experiment there were 160 experimental chord progressions (40
ambiguity progressions, 40 ambiguity control progressions, 40 violation progressions,
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and 40 violation control progressions) and 80 filler chord progressions (20 ambiguity
progressions, 20 ambiguity control progressions, 20 violation progressions, and 20
violation control progressions). The resulting list had 240 chord progressions. Chord
progressions from each condition were distributed as evenly as possible amongst 6
blocks.

Procedure
Participants were tested in two sessions, which were spaced no more than 7-10
days apart. Each testing session lasted up to two and a half hours long. Sessions were
designed such that all language tasks were completed on one day and all music tasks
were completed on the other day. On the language day, participants were administered
tasks in the following order: language history questionnaire, ERP syntactic processing
task in language, verbal fluency task, and automated Operation-Span task. On the music
day, participants were administered tasks in the following order: music history
questionnaire, ERP syntactic processing task in music, and Gordon’s Advanced Measures
of Music Audiation. The order of the sessions (language vs. music) was counterbalanced
between participants. The tasks themselves and the order of tasks were kept consistent
across participants and followed the Procedure described in Experiments 1A, 1B, and 2.

Syntactic processing in language and music ERP task.
ERP syntactic processing task. The syntactic processing task examined the time
course of syntactic processing in language and music using ERP methodology.
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Participants saw the word “Ready?” and it remained on the screen until they pressed the
middle button on the button box, triggering the presentation of the auditory stimulus.
Following the ready screen, a fixation cross (+) was presented on the screen and
participants listened to the stimulus played out loud through headphones while ERPs
were recorded. Afterward, participants saw the phrase “Was that sentence (progression)
normal or odd?” and indicated the acceptability of the stimulus as quickly and accurately
as possible by pushing one of two buttons (e.g., “Normal” or “Odd”). Response time and
accuracy measures for their judgments were registered using the E-Prime button box.
The language task was divided into eight experimental blocks. Each block
contained 40 trials. The music task was divided into six experimental blocks. Each block
contained 40 trials. Participants were given breaks in between these blocks.
EEG/ERP recordings. Continuous EEG was recorded from 30 active Ag/AgCl
electrodes attached to an elastic cap (Brain Products ActiCap, Germany) in accordance
with the extended 10-20 system (Jasper, 1958): FP1, FP2, F7, F3, Fz, F4, F8, FC5, FC1,
FC2, FC6, T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, PO9, O1, Oz,
O2, PO10. Additional electrodes were placed on each mastoid. To monitor eye
movements and blinks, bipolar recordings were made above and below the left eye, and
at the outer canthus of each eye. Electrode impedances were kept below 10 kΩ. Scalp
electrodes were referenced during recording to an electrode placed on the scalp vertex;
during offline data processing all scalp electrodes were re-referenced to the average
activity over the left and right mastoids. The EEG was amplified by a NeuroScan
SynampsRT amplifier using a .05hz-100hz bandpass filter and continuously sampled at a
rate of 500hz. An off-line 30Hz low-pass filter was applied. ERPs were time-locked to
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the critical target word or chord-progression, and for each participant, separate ERPs
were averaged off-line at each electrode site for each experimental condition, relative to a
200 ms pre-stimulus baseline. Trials contaminated with eye blinks or excessive muscle
artifacts were not included (a total of 15.6% and 29.2% of trials were excluded in the
language and music experiments, respectively).

Results
Based on previous literature, we examined the mean amplitude for each condition
in the 200-700 ms (CPS), 300-500 ms (N400/N500), and 500-800 ms (P600) time
windows; we also inspected scalp topographies to distinguish an N400/N500 from the
LAN, because the components occur in a similar time window but are distinguishable by
their different scalp topographies. For all comparisons of interest, two repeated measures
ANOVAs were performed to examine the scalp distribution of the ERP effects in each of
the selected time windows. First, to examine the midline electrodes for differences in
mean amplitude between conditions for the midline, we conducted a 2 Condition
(experimental, control) x 3 Electrode Site (Fz, Cz, Pz) ANOVA. Second, to examine the
laterality and anteriority for differences in mean amplitude between conditions, we
conducted a 2 Condition (experimental, control) x 2 Anteriority (anterior, posterior) x 2
Laterality (left, right) ANOVA. For these factors, electrodes were grouped into regions of
interest: right frontal (“RF”: F4, F8, FC2, FC6); left frontal (“LF”: F3, F7, FC1, FC5);
right posterior (“RP”: CP2, CP6, P4, P8); left posterior (“LP”: CP1, CP5, P3, P7).
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Any ANOVA that yielded a significant interaction (p<.05) with the factor
Condition was examined further with simple effects tests and planned comparisons in
order to clarify the nature of the interaction. Significant Condition main effects (p<.05)
and interactions with Condition from each ANOVA are reported, as well as lower-level
Condition effects revealed by significant follow-up analyses. The Greenhouse–Geisser
correction was applied to all repeated measures on ERP data with greater than one degree
of freedom in the numerator. In such cases, the corrected p-value is reported.
For the behavioral data, the dependent measure was the accuracy for acceptability
judgment by button press.

Results for language syntactic processing task
In the next section, we will discuss the results for the language task. This section
will begin with participants’ accuracy on the behavioral language acceptability task.
Afterward, we will discuss the ERP data for each of the critical time windows in the
ambiguity condition and then for each of the critical time windows in the violation
condition.
Language acceptability task
Participants achieved a mean accuracy score of 86.6% (SD = 8.6), indicating that
they understood the sentences and were sufficiently engaged in the task.
Language prosodic break. Grand mean waveforms for the prosodic break
occurring between the two verbs of the reduced relative clause in the ambiguity sentences
and for the break occurring between the two verbs in the control sentences are plotted in
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Figure 5-1. F-statistics from the grand average ANOVAs on mean amplitudes are
reported in Table 5-3. Visually, there was a positivity between the conditions throughout
the 200 – 700 ms time window, which was confirmed by statistical analyses. The 2
Condition x 3 Electrode Site ANOVA revealed a main effect of Condition (F(1, 21) =
10.098, p = .005); the mean amplitude of prosodic breaks was significantly more positive
for ambiguity sentences (M = 1.98 µV; SD = 3) as compared to control sentences (M =
.08 µV; SD = 1). Similarly, the 2 Condition x 2 Anteriority x 2 Laterality ANOVA
revealed a main effect of Condition (F(1, 21) = 13.219, p = .002). There was a marginally
significant Condition x Laterality interaction (F(1, 21) = 4.262, p = .052). Overall, these
results demonstrate that prosodic breaks elicited a CPS in the ambiguity condition.

Figure 5-1: Grand mean waveforms from eight representative electrodes for the prosodic
breaks in grammatically ambiguous (solid line) and control sentences (dashed line).
Onset of the prosodic break is indicated by the vertical calibration bar; each tick mark
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represents 100ms of time. Negative voltage is plotted up.
Table 5-3: F-statistics from the grand average ANOVAs on mean amplitudes for the
prosodic break in the language ambiguity condition.
Midline
Ambiguity
LA × Elec.

df

200-700 ms

1, 21
2, 42

10.098***
<1

Lateral
Ambiguity
1, 21
13.219***
LA × AP
1, 21
<1
LA × Lat.
1, 21
4.262
LA × AP × Lat.
1, 21
2.643
Notes. LA = Language ambiguity (ambiguity, control); Elec. = Electrode site; AP =
Anteriority; Lat. = Laterality; df = degrees of freedom. * p < .05; *** p < .001.
Language ambiguity. Grand mean waveforms for the ambiguity occurring at the
second verb of the reduced relative clause in the ambiguity sentences and the second verb
in the control sentences are plotted in Figure 5-2. F-statistics from the grand average
ANOVAs on mean amplitudes are reported in Table 5-4. Visually, there was no
difference between these conditions for the 300-500 ms time window, which was
confirmed by statistical analyses. The 2 Condition x 3 Electrode Site ANOVA did not
reveal a significant main effect of Condition or an interaction involving Condition (all p’s
> .10). The 2 Condition x 2 Anteriority x 2 Laterality ANOVA revealed only a
marginally significant Condition x Laterality interaction (F(1, 21) = 3.418, p = .079).
Visually, there was also no difference between conditions for the 500-800 ms
time window, which was confirmed by statistical analyses. The 2 Condition x 3 Electrode
Site ANOVA did not reveal a significant main effect of Condition or an interaction
involving Condition (all p’s > .10). The 2 Condition x 2 Anteriority x 2 Laterality
ANOVA revealed a significant Condition x Anteriority x Laterality interaction (F(1, 21)
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= 6.032, p = .023). Follow-up analyses separated by condition (ambiguous, control)
revealed that the Anteriority x Laterality interaction was significant only for the
ambiguous stimuli (F(1, 21) = 5.391, p = .030). The 2 Condition x 2 Anteriority x 2
Laterality ANOVA also revealed a marginally significant Condition x Laterality
interaction (F(1, 21) = 3.330, p = .082). Overall, ambiguity did not elicit a P600, which
suggests that participants did not experience the classic garden path effect. Instead, it
appears that participants were able to use the preceding prosodic break to help
disambiguate and parse the ambiguous syntactic structure.

Figure 5-2: Grand mean waveforms for grammatically ambiguous (solid line) and
control sentences (dashed line).
Table 5-4: F-statistics from the grand average ANOVAs on mean amplitudes at the
clause boundary in the language ambiguity condition.
Midline
Ambiguity

df

300–500 ms

500–800 ms

1, 21

<1

<1
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LA × Elec.

2, 42

<1

<1

Lateral
Ambiguity
1, 21
1.195
1.128
LA × AP
1, 21
<1
<1
LA × Lat.
1, 21
3.418
3.330
LA × AP × Lat.
1, 21
1.137
6.032*
Notes. LA = Language ambiguity (ambiguous, control); Elec. = Electrode site; AP =
Anteriority; Lat. = Laterality; df = degrees of freedom. * p < .05; *** p < .001.
Language violation. Grand mean waveforms for the auxiliary verbs used in the
violation sentences and in the control sentences are plotted in Figure 5-3. F-statistics
from the grand average ANOVAs on mean amplitudes are reported in Table 5-5.
Visually, there was no difference between the two conditions in the 300-500 ms time
window, which was confirmed by statistical analyses. The 2 Condition x 3 Electrode Site
ANOVA revealed a significant Condition x Electrode Site interaction (F(2, 42) = 8.694, p
= .001). Follow-up analyses examining the effect of Condition for each midline electrode
site revealed no significant effects (all p’s > .10). The 2 Condition x 2 Anteriority x 2
Laterality ANOVA revealed a significant Condition x Anteriority interaction (F(1, 21) =
13.593, p = .001). Follow-up analyses revealed that the effect of Condition was
marginally significant for posterior regions (F(1, 86) = 2.839, p = .096), but not for
anterior regions.
Visually, there was a posterior positivity between the two conditions in the 500800 ms time window, which was confirmed by statistical analyses. The 2 Condition x 3
Electrode Site ANOVA revealed a significant Condition x Electrode Site interaction (F(2,
42) = 16.428, p < .001). Follow-up analyses revealed that the effect of Condition was
only significant for Pz (F(1, 42) = 6.095, p = .018) where the mean amplitude was
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significantly more positive for violation sentences (M = 3.97 µV; SD = 2) as compared to
control sentences (M = 2.15 µV; SD = 3). The 2 Condition x 2 Anteriority x 2 Laterality
ANOVA revealed significant Condition x Anteriority (F(1, 21) = 24.094, p < .001) and
Condition x Laterality (F(1, 21) = 7.415, p = .013) interactions. Follow-up analyses
revealed that the effect of Condition was only significant for posterior regions (F(1, 86) =
8.252, p = .005) where the mean amplitude was significantly more positive for violation
sentences (M = 2.68 µV; SD = 2) as compared to control sentences (M = 1.48 µV; SD =
2). The effect of Condition was marginally significant for electrodes on the right
hemisphere (F(1, 86) = 3.449, p = .067).
The critical violation sentences in the present study featured subject noun phrases
that contained two nouns (“The agent with the new offices…”), where the attractor noun
was either singular (“The agent with the new office are hiring a few more workers”) or
plural (*“The agent with the new offices are hiring a few more workers”). Follow-up
analyses comparing the results from the singular attractor nouns to the results from the
plural attractor nouns are reported in Appendix G.
Overall, we observed a CPS in response to the prosodic breaks in the ambiguity
sentences and no P600. We did observe a P600 in response to the violations. These
findings suggest that different cognitive mechanisms are engaged depending on the
syntactic structure being processed.
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Figure 5-3: Grand mean waveforms for grammatical violation (solid line) and control
sentences (dashed line).
Table 5-5: F-statistics from the grand average ANOVAs on mean amplitudes for the
subject-verb agreement in the language violation condition.
Midline
Violation
LV × Elec.

df

300–500 ms

500–800 ms

1, 21
2, 42

1.243
8.694*

2.548
16.428***

Lateral
Violation
1, 21
<1
2.324
LV × AP
1, 21
13.593*
27.560***
LV × Lat.
1, 21
2.397
7.415*
LV × AP × Lat.
1, 21
<1
1.878
Notes. LV = Language violation (violation, correct); Elec. = Electrode site; AP =
Anteriority; Lat. = Laterality; df = degrees of freedom. p < .05; *** p < .001.
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Results for music syntactic processing task
In the next section, we will discuss the results for the music task. This section will
begin with participants’ accuracy on the behavioral harmonic acceptability task.
Afterward, we will discuss the ERP data for each of the critical time windows in the
ambiguity condition and then for each of the critical time windows in the violation
condition.

Music acceptability task
Participants achieved a mean accuracy score of 64.3% (SD = 11.9), indicating
participants without formal musical training are still sensitive to the implicit rules guiding
harmonic structure.

Music ambiguity. Grand mean waveforms for the ambiguity (i.e., double
dominant chord) within the ambiguity progressions and the corresponding chord in the
control progressions are plotted in Figure 5-4. F-statistics from the grand average
ANOVAs on mean amplitudes are reported in Table 5-6. Visually, there was no
difference between conditions for the 300-500 ms time window, which was confirmed by
statistical analyses. The 2 Condition x 3 Electrode Site ANOVA revealed a significant
Condition x Electrode Site interaction (F(2, 42) = 3.458, p = .041). Follow-up analyses
examining the effect of Condition for each midline electrode site revealed no significant
effects (all p’s > .10). The 2 Condition x 2 Anteriority x 2 Laterality ANOVA revealed a
marginally significant Condition x Anteriority interaction (F(1, 21) = 3.204, p = .088).
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Visually, there was also no difference between conditions for the 500-800 ms
time window, which was confirmed by statistical analyses. The 2 Condition x 3 Electrode
Site ANOVA and the 2 Condition x 2 Anteriority x 2 Laterality ANOVA did not reveal
significant main effects of Condition or interactions involving Condition (all p’s > .10).
Overall, these results suggest that participants were not sensitive to the musical ambiguity
during which the chord progressions moved away from the established key.

Figure 5-4: Grand mean waveforms for harmonically ambiguous musical detours (solid
line) and control chords (dashed line).
Table 5-6: F-statistics from the grand average ANOVAs on mean amplitudes for the
double dominant chord in the music ambiguity condition.
df

300–500 ms

500–800 ms

Midline
Ambiguity
MA × Elec.

1, 21
2, 42

1.427
3.458*

<1
1.863

Lateral
Ambiguity

1, 21

<1

<1
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MA × AP
1, 21
3.204
2.037
MA × Lat.
1, 21
<1
<1
MA × AP × Lat.
1, 21
<1
<1
Notes. MA = Music ambiguity (ambiguous, control); Elec. = Electrode site; AP =
Anteriority; Lat. = Laterality; df = degrees of freedom. * p < .05; *** p < .001.
Music resolution. Grand mean waveforms for the musical resolution occurring
after the double dominant chord within the ambiguity progressions and the corresponding
chord in the control progressions are plotted in Figure 5-5. F-statistics from the grand
average ANOVAs on mean amplitudes are reported in Table 5-7. Visually, there was no
difference between conditions in the 300-500 ms time window, which was confirmed by
statistical analyses. The 2 Condition x 3 Electrode Site ANOVA did not reveal a
significant main effect of Condition or an interaction involving Condition (all p’s > .10).
The 2 Condition x 2 Anteriority x 2 Laterality ANOVA revealed a significant Condition
x Anteriority x Laterality interaction (F(1, 21) = 7.489, p = .012). Follow-up analyses
separated by condition (ambiguous, control) revealed that the Anteriority x Laterality
interaction was significant only for the control stimuli (F(1, 21) = 7.690, p = .011).
Visually, there was no difference between conditions in the 500-800 ms time
window either, which was confirmed by statistical analyses. In the 500-800 ms time
window, the 2 Condition x 3 Electrode Site ANOVA did not reveal a significant main
effect of Condition or an interaction involving Condition (all p’s > .10). The 2 Condition
x 2 Anteriority x 2 Laterality revealed a marginal Condition x Anteriority x Laterality
interaction (F(1, 21) = 3.897, p = .062).
Overall, these results suggest participants were not only not sensitive to when the
chord progressions were moving away from the established key, but participants also
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were not sensitive to the harmonic resolution when the progression returned to the
original key.

Figure 5-5: Grand mean waveforms for harmonic resolutions of the musical detours
(solid line) and control chords (dashed line).
Table 5-7: F-statistics from the grand average ANOVAs on mean amplitudes for the
harmonic resolution in the music ambiguity condition.
Midline
Resolution
MR × Elec.

df

300–500 ms

500–800 ms

1, 21
2, 42

<1
1.405

<1
1.546

Lateral
Resolution
1, 21
<1
1.760
MR × AP
1, 21
2.911
<1
MR × Lat.
1, 21
<1
<1
MR × AP × Lat.
1, 21
7.489*
3.897
Notes. MR = Music resolution (ambiguous, control); Elec. = Electrode site; AP =
Anteriority; Lat. = Laterality; df = degrees of freedom. * p < .05; *** p < .001.
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Music violation (critical chord). Grand mean waveforms for the musical
violation (Neapolitan sixth chord) within the violation progressions and the
corresponding chord in the control progressions are plotted in Figure 5-6. F-statistics
from the grand average ANOVAs on mean amplitudes are reported in Table 5-8.
Visually, there was no difference between conditions in the 300-500 ms time window
(N500), which was confirmed by statistical analyses. The 2 Condition x 3 Electrode Site
ANOVA did not reveal a significant main effect of Condition or an interaction involving
Condition (all p’s > .10). The 2 Condition x 2 Anteriority x 2 Laterality ANOVA
revealed a significant Condition x Anteriority x Laterality interaction (F(1, 21) = 5.126, p
= .034). Follow-up analyses separated by condition (violation, control) revealed that the
Anteriority x Laterality interaction was significant only for the violation stimuli (F(1, 21)
= 12.203, p = .002) and that the negativity was largest in the anterior region of the left
hemisphere, which is visible in Figure 17. The 2 Condition x 2 Anteriority x 2 Laterality
ANOVA also revealed a marginally significant Condition x Anteriority interaction (F(1,
21) = 3.295, p = .084).
Visually, there was a small frontal negativity between conditions in the 500-800
ms time window, which was confirmed by statistical analyses. The 2 Condition x 3
Electrode Site ANOVA revealed a significant Condition x Electrode Site interaction (F(2,
42) = 9.764, p < .001). Follow-up analyses revealed no significant effects (all p’s > .10).
The 2 Condition x 2 Anteriority x 2 Laterality ANOVA revealed a significant Condition
x Anteriority interaction (F(1, 21) = 24.792, p < .001). Follow-up analyses revealed that
the effect of Condition was significant for anterior regions (F(1, 86) = 4.515, p = .036)
where the mean amplitude was significantly more negative for violation progressions (M
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= -1; SD = 3) as compared to control progressions (M = -.1; SD = 2). There was no effect
of Condition for posterior regions (F(1, 86) = 1.899, p = .172). Overall, these results
demonstrate that participants showed an N500 in response to musical violations,
suggesting participants were sensitive to this syntactic manipulation.
Overall, we did not observe any specific ERP component in response to the
harmonic detour or point of resolution in the ambiguity chord progressions, reflecting
that participants were not sensitive to the subtle manipulation in harmonic structure. We
did observe an N500 in response to the harmonic violation. These findings suggest that
different cognitive mechanisms are engaged depending on the syntactic structure being
processed, as well as the participants’ sensitivity to the syntactic structure.

Figure 5-6: Grand mean waveforms for harmonic violations (solid line) and control
chords (dashed line).
Table 5-8: F-statistics from the grand average ANOVAs on mean amplitudes for the

128

Neapolitan sixth chord in the music violation condition.
Midline
Violation
MV × Elec.

df

300–500 ms

500–800 ms

1, 21
2, 42

<1
<1

<1
9.764***

Lateral
Violation
1, 21
<1
<1
MV × AP
1, 21
3.295
24.792***
MV × Lat.
1, 21
<1
<1
MV × AP × Lat.
1, 21
5.126*
2.393
Notes. MV = Music violation (error, control); Elec. = Electrode site; AP =
Anteriority; Lat. = Laterality; df = degrees of freedom. * p < .05; *** p < .001.

Follow-Up analyses: Response dominance indices
In addition to our primary line of research, we explored whether there were
individual differences in whether participants show an N500 versus a P600 in response to
syntactic processing in music similar to how participants have been observed to span a
N400/P600 continuum in response to syntactic processing in language (e.g., Tanner,
Inoue, & Osterhout, 2014; Tanner, McLaughlin, Herschensohn, & Osterhout, 2013;
Tanner & Van Hell, 2014). This research question stemmed from the observation that
Featherstone et al.’s (2013) findings and musicianship-based hypothesis parallels work
on syntactic processing in the first and second language. Featherstone et al. (2013)
observed that non-musicians did not show a specific ERP component in response to a
syntactic ambiguity in music, whereas musicians did show a P600 in response to the
same stimuli. This pattern of findings suggests that prior experience might influence the
resources engaged and the ERP effect observed in response to syntactic structures.
Likewise, Tanner et al. (2014) and Tanner et al. (2013) observed that beginning second
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language learners tend to show an N400 in response to a syntactic violation in the second
language, suggesting that syntactic errors are initially treated as lexical errors. On the
other hand, advanced second language learners tend to show a P600 in response to the
same violation, suggesting the syntax of the second language has become internalized
and the error can be treated as rule-based. Comparable individual differences have also
been found in native language speakers (Tanner & Van Hell, 2014).
If there were a N400/P600 continuum in response to syntactic processing of
violations in language (e.g., subject-verb agreement violations), then we expected some
participants to show a P600 and others to show an N400 in response to syntactic
violations in language, which would replicate Tanner and Van Hell’s (2014). If there
were a continuum similar to that observed in language for syntactic processing in music
(see Tanner & Van Hell, 2014), then we expected some participants to show an N500 and
others to show a P600 in response to the syntactic violations in music (e.g., Neapolitan
sixth chords).
Visual inspection of the individual grand average waveforms showed that for
ambiguities and violations in language and in music, there was some variability among
participants in that some participants showed a P600 response and others an N400/N500like negativity. This observation motivated us to examine participants’ brain response
profiles at a centro-parietal region of interest (CP: F3, C3, P3) where N400 and P600
effects are typically largest. Here we calculated each participant’s N400/N500 effect
magnitude (grammatical minus ungrammatical condition in the 300–500 ms window) and
P600 effect magnitude (ungrammatical minus grammatical condition in the 500–800 ms
window) separately for the ambiguity and violation conditions, and separate for language
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and music. In language, the magnitude of the participants' N400 was significantly
negatively correlated with the magnitude of the P600 for the ambiguity ( r = -.826, p <
.001) and for the violation (r = -.693, p < .001) conditions. In music, the same pattern of
findings was observed; the magnitude of the participants' N500 was significantly
negatively correlated with the magnitude of the P600 for the ambiguity chord (r = -.823,
p < .001), for the point of resolution (r = -.713, p < .001), and for the violation condition
(r = -.437, p = .042). In sum, individuals who showed a large P600 effect in language
(and in music) tended to show little negatively (an N400/N500 with smaller magnitude)
in language (and in music), and vice versa.
We further quantified each participant’s response dominance using the Response
Dominance Index where we fit the individual's least squares distance from the equal
effect sizes lines in both the ambiguity and violation conditions in language and in music
using perpendicular offsets (RDI; see Tanner & Van Hell, 2014). RDI values near zero
reflect relatively equal-sized N400 and P600 effects, whereas more negative or positive
values reflect relative dominance of a negativity or positivity across both time windows,
respectively. The equation for how the RDI was derived for ambiguity and violation
conditions in language is given below, where N400 and P600 refer to mean amplitude
between 300–500 ms and 500–800 ms, respectively, averaged within CP. The equation
for how the RDI was derived for ambiguity and violation conditions in music used the
same formula, but with the N400 replaced by the N500.

RDI =

𝑃600Ungram − 𝑃600Gram − (𝑁400Gram − 𝑁400Ungram)
√2
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RDI values for the language ambiguity condition are plotted in Figure 5-7. RDI
values for the ambiguity condition fall on both sides of the best-fit line, which indicates
that some participants showed a stronger P600 and others a stronger N400 in response to
the reduced relative clause. These results suggest that to the extent some participants
showed a P600, the effect was cancelled out by the N400 seen in other participants, such
that the grand mean responses across all participants reflected the intersection of the
N400 and P600 effects. RDI values for the language violation condition are plotted in
Figure 5-8. RDI values for the violation condition fall primarily to the right of the best-fit
line with a few participants’ values falling to the left of the line. These results suggest
that the majority of participants were P600-dominant in response to the subject-verb
agreement and are in line with the subject-verb agreement violation findings observed by
Tanner and Van Hell (2014). Interestingly, participants’ RDI values in the ambiguity and
violation conditions were not significantly correlated (r = -.196, p = .382), which
signifies that individuals tended to not necessarily show similar polarity responses (N400
or P600) in response to ambiguities and violations in language.
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Figure 5-7: Scatterplot showing the relationship between N400 and P600 effect
magnitudes across individuals at the clause boundary for the language ambiguity
condition, averaged within a centro-parietal ROI. The solid lines indicate the best-fit line
from the correlation analysis. The dashed lines represent equal N400 and P600 effect
magnitudes: individuals above/to the left of the dashed line showed primarily an N400
effect, while individuals below/to the right of the dashed line showed primarily a P600
effect.
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Figure 5-8: Scatterplot showing the relationship between N400 and P600 effect
magnitudes across individuals for the subject-verb agreement in the language violation
condition.
RDI values for the harmonic detour and resolution in the music ambiguity
condition are plotted in Figures 5-9 and 5-10, respectively. RDI values for both the
harmonic detour and resolution are centered around zero, which indicates that the
majority of participants showed a mixture of small, relatively equal-sized P600 and N500
effects. These results suggest that participants in the present study were not strongly
sensitive to harmonic detour or resolution, which parallels the absence of significant
P600 and N500 effects in the all-group analyses.
RDI values for the music violation condition are plotted in Figure 5-11. RDI
values for the violation condition fall primarily to the left of the best-fit line with a few
participants’ values falling to the right of the line. These results suggest that participants

134

in the present study were N500-dominant, which parallels the N500 effect in the allgroup analyses and Featherstone et al. (2013).
Also in music, participants’ RDI values between conditions were not correlated
(ambiguity (harmonic detour) and point of resolution: r = -.034, p = .882; ambiguity
(harmonic detour) and violation: r = .211, p = .346; point of resolution and violation: r =
.097, p = .668), which signifies that individuals tended to not show similar polarity
responses (N500 or P600) in response to ambiguities, resolution, and violations in music.

Figure 5-9: Scatterplot showing the relationship between N500 and P600 effect
magnitudes across individuals for the double dominant chord in the music ambiguity
condition.

135

Figure 5-10: Scatterplot showing the relationship between N500 and P600 effect
magnitudes across individuals for the harmonic resolution in the music ambiguity
condition.
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Figure 5-11: Scatterplot showing the relationship between N500 and P600 effect
magnitudes across individuals for the Neapolitan sixth chord in the music violation
condition.
To explore what factors were related to the relative dominance of a N400/N500
versus P600 effects across individuals, we correlated a series of individual difference
measures with participants’ RDI values in language (ambiguity and violation) and in
music (ambiguity, resolution, and violation). We included participants’ accuracy on the
language and music acceptability tasks, verbal fluency score, partial storage score from
Operation-Span task, and Gordon’s tonal subset score.
Of these measures, only the partial score for the Operation-Span task and the
verbal fluency score showed a relationship with participants’ ERP response profiles. In
particular, participants’ RDI values for the ambiguities in language were correlated with
the partial Operation-Span score (r = -.459, p = .032) and their RDI values for the
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resolutions in music were correlated with the verbal fluency score (r = -.662, p = .001).
These findings signify that participants who showed a more positivity-dominant response
to the ambiguities in language had a smaller Operation-Score, and thus lower working
memory span. Furthermore, these findings signify that participants who showed more
positivity-dominance in response to the harmonic resolutions in music named fewer
tokens in the verbal fluency score. However, only two out of the possible forty
correlations turned out to be significant, so the overall picture of these analyses is that
individual variability in cognitive skills and language skills did not markedly affect the
ERP response magnitude to ambiguities and violations of syntactic structures in language
and music. This pattern of findings is in line with Tanner and Van Hell (2014) who also
did not find strong correlations between participants’ RDI values and the wide range of
individual difference measures.

Summary and discussion
In Experiment 3, we examined whether syntactic processing of ambiguities and
violations in language and music engaged the same processing resources using event
related potentials. We also examined whether prior experience with managing syntactic
systems in music modulated the engagement of shared resources by testing exclusively
non-musicians on syntactic processing in language and music as compared to previous
studies that have either tested only musicians (e.g., Patel et al., 1998) or have tested
musicians and non-musicians, but only on syntactic processing in music (e.g.,
Featherstone et al., 2013). In particular, English monolingual non-musicians completed
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two separate ERP tasks, one which examined syntactic processing of ambiguities and
violations in language and one which examined syntactic processing of ambiguities and
violations in music. Participants performed an accompanying behavioral acceptability
task where they judged whether each trial was syntactically (or harmonically) acceptable.
In response to the syntactic ambiguity stimuli in language, participants showed a
CPS after the prosodic break. Notably, participants did not elicit the predicted P600 in
response to the actual ambiguity (i.e., the reduced relative clause). These combined
results indicate that participants were able to use the prosodic break to help disambiguate
the syntactic structure. In response to the two chords embedded within the ambiguity
progressions (i.e., musical detours and resolutions), participants showed no specific ERP
effects. This pattern of findings suggests that non-musicians are not sensitive to the subtle
manipulation of harmonic ambiguities.
In response to the syntactic violations in language, participants showed the
predicted P600 effect, reflecting the participants’ effort to re-analyze the syntactically
ungrammatical information and integrate it into the sentence. In response to the critical
chord within the music violation progressions, participants showed an N500, reflecting
the participants’ sensitivity to recognizing to musical violation (i.e., Neapolitan sixth
chord).
The primary research question in Experiment 3 was to examine whether syntactic
processing of ambiguities and violations in language and music share the same resources,
but our investigation of these processes did not reveal such a relationship. Instead,
finding different ERP components (including non-significant components) for processing
ambiguities and violations in language and in music is typically interpreted to signify that
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different cognitive resources are engaged to process such syntactic ambiguities and
violations.
One explanation for observing different ERP components in response to syntactic
processing of ambiguities and violations in language and in music relates back to our
second research question, namely whether prior experience with managing syntactic
systems in music modulates what resources are engaged for syntactic processing in
language and music. In the present study, we examined syntactic processing in language
and music in non-musicians with the intention of comparing our non-musician findings to
Patel et al.’s (1998) findings with trained musicians (who demonstrated P600s in
response to elements that were structurally impossible and difficult to integrate in both
language and music), in order to examine whether the default is for syntactic processing
of language and music to draw on the same resources or whether shared resources are the
result of prior experience with managing syntactic systems in both music and language
(as in Patel et al.'s trained musicians who also have experience processing syntax in
language).
As in the original Patel et al. (1998) study, our participants were native English
speaking-adults. However, unlike the participants in Patel et al., our participants were not
expert musicians. If shared resources are the default and no prior experience with
managing syntactic systems in that domain is necessary (i.e., language or music), then we
expected our non-musicians participants to perform similarly to the musicians in Patel et
al.’s study for syntactic processing of ambiguities and violations in both language and
music. However, our results do not conform to this hypothesis. While our participants
were “language experts” and were sensitive to syntactic violations and ambiguities in
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language, our participants differed from Patel et al.’s participants in the degree of
sensitivity to the elements that were structurally impossible and difficult to integrate in
music. Our non-musician participants were only sensitive to the salient syntactic
violations in music and not to the more subtle syntactic ambiguities in music, whereas
Patel et al.’s musician participants were sensitive to both the structurally impossible and
difficult elements in music. Given that our non-musician participants only differed from
Patel et al.’s musician participants with respect to syntactic processing of ambiguities in
music, it appears then that the non-musician listener does not possess the resources
needed to process syntactic ambiguities in music and that shared resources emerge as a
result of prior experience managing syntactic systems in both music and language.
Furthermore, these findings suggest that the non-musician listener will not engage shared
resources for syntactic processing in language and music.
Our observation of different ERP components for processing syntactic
ambiguities and violations in language and in music also indicates that the choice of
materials (e.g., ambiguities vs. violations) is important when examining the shared
resources question (in line with Featherstone, Waterman, and Morrison's (2011)
proposal), as the present findings suggest that ambiguities (garden path sentences/double
dominant chords) and violations (subject-verb agreement violations/Neapolitan sixth
chords) recruit different cognitive mechanisms. Both syntactic ambiguities and violations
are unexpected when first heard by the listener. However, a syntactic ambiguity can be
resolved and successfully reintegrated into the structure once it has been detected and
revision processes are engaged (cf. Kaan & Swaab, 2003 and Featherstone et al., 2013).
This is not true for syntactic violations. Even after being detected by the listener,
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syntactic violations cannot be resolved by successfully reintegrating them into the
sentence structure. Therefore, syntactic ambiguities engage cognitive mechanisms for
conflict detection of the ambiguity and syntactic reanalysis for resolving the ambiguity
and reparsing, whereas syntactic violations only engage the cognitive mechanisms
associated with conflict detection and reanalysis.
These mechanisms are reflected in the ERP data. Participants showed a CPS in
response to the prosodic break before the syntactic ambiguities in language, which
indicates that non-musicians were sensitive to prosodic cues and able to use this
information to help disambiguate the syntactic information. Participants showed a P600
in response to the syntactic violations in language, confirming they had the mechanisms
needed to detect syntactic violations, too.
With respect to music, the present non-musician participants did not show
sensitivity to ambiguities in music (as opposed to the trained musicians tested by Patel et
al., 1998), at either the point of the ambiguity or at the point of the resolution, which
indicates that they did not identify the ambiguity (and did not have to resolve it). In
contrast, the non-musician participants in the present experiment did show an N500 effect
in response to the syntactic violations in music, which indicates that non-musicians do
possess the resources needed to detect syntactic violations in music.
Featherstone et al.’s (2013) musicianship-based account can help explain the
present ERP components observed in response to syntactic ambiguities and violations in
music. In fact, our findings are consistent with Featherstone et al. (2013)’s non-musician
findings. According to Featherstone et al., studies have reported that non-musicians show
an N500 in response to a lack of harmonic resolution, because they do not possess the
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resources needed to process syntactic ambiguities in music and therefore only show
recognition of the harmonically unexpected information. On the other hand, studies have
reported that musicians show a P600 in response to the same ambiguities, because they
do have the resources needed to process syntactic ambiguities in music and because in the
context of music, the P600 reflects an attempt to re-parse a syntactically ambiguous chord
and integrate it into the harmonic structure.
Overall, the differences in ERP results between the present study and Patel et al.
signify that stimuli should be structural parallels across language and music in order to
accurately examine what cognitive mechanisms are engaged for detecting versus reanalyzing syntactic ambiguities and violations in language and music. Our results provide
additional support to Featherstone et al.’s musicianship-based account. In addition, the
present pattern of ERP findings suggest that prior experience is needed to possess the
resources associated with detecting and re-integrating syntactic ambiguities in music,
because our non-musician participants did not an N500 or P600, respectively.
Furthermore, I predict that if trained musicians (who possess the mechanisms needed for
initial detection and revision of ambiguities and violations) were presented with
Experiment 3’s syntactic ambiguities and violations in music, they would show a P600 in
response to both syntactic ambiguities and violations (in accordance with Patel et al.'s
(1998) observation of trained musicians).
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Inter-individual differences in syntactic processing of ambiguities and violations in
language and music
In addition to our primary line of research, we calculated RDI values in order to
explore the inter-individual variation in N400- and P600-dominance during syntactic
processing of ambiguities in language and music. In particular, the RDI analyses reveal
that participants showed a mixture of P600 and N400 effects in response to the
ambiguities in language, indicating that participants were sensitive to the ambiguity
manipulation in language, and that to the extent that the P600 was seen in some
participants, the effect was cancelled out by the N400 seen in other participants. For
music processing, the RDI analyses reveal a mixture of small, relatively equal-sized P600
and N500 effects that were centered around zero in response to the syntactic ambiguities
and resolutions in music, indicating that participants were not sensitive to the ambiguity
manipulations in music. In other words, participants did not show any specific ERP
component in response to the syntactic ambiguities in language, because the P600 and
N400 effects were cancelling each other out, whereas participants did not show any
specific ERP component in response to the syntactic ambiguities and resolutions in
music, because they were not sensitive to these structures. Correlational analyses did not
reveal strong correlations between the RDI values for the syntactic ambiguities in
language and music and the wide range of individual difference measures, indicating that
individual variability in cognitive, linguistic, and musical skills did not markedly affect
the magnitude of the ERP effect in response to syntactic processing of ambiguities in
language and music.
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We also calculated RDI values to explore the inter-individual variation in N400and P600-dominance during syntactic processing of violations in language and music.
The RDI analyses reveal that participants fell along a continuum of N400/P600 effects in
response to the violations in language, confirming that participants were sensitive to the
syntactic violations in language. The RDI analyses reveal that participants primarily
showed an N500 in response to the syntactic violations in music. Correlational analyses
did not reveal strong correlations between the RDI values for the syntactic violations in
language and music and the wide range of individual difference measures, indicating that
individual variability in cognitive, linguistic, and musical skills did not markedly affect
the magnitude of the ERP effect in response to syntactic processing of violations in
language and music.
Turning back to the Shared Syntactic Integration Resource Hypothesis, we
examined whether the same processing resources are engaged for syntactic processing in
language and music. However, only the findings for syntactic processing of violations in
language (P600 effect) and music (N500 effect) provide support the SSIRH’s prediction
of shared resources (event though the exact components are different). Based on the fact
that the majority of our findings are not accounted for by the SSIRH, I will now discuss
alternative explanations for our findings. I will conclude by proposing revisions to the
SSIRH that could accommodate our findings.
The first alternative approach I will discuss is Poulin-Charronnat et al.’s (2005)
dynamic attending explanation. According to the dynamic attending explanation, there
are certain musical elements that are intended to capture the listener’s attention, such that
attention is at its greatest for these elements. If musical elements do differ in the degree to
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which they capture the listener’s attention, then one would expect participants’ attention
in the present study to be drawn most toward syntactic violations in music, because they
are harmonically unexpected within the progression. In particular, one would expect the
effect of attention to be greatest for the syntactic violations in music, because a basic
conflict detection mechanism should detect Neapolitan sixths as having no syntactic
function within the overall chord progression. On the other hand, although syntactic
ambiguities are harmonically unexpected, they at least function within the overall chord
progression to transition to a new key. Indeed, because our participants were more
sensitive to the music stimuli that were most attention grabbing (i.e., syntactic violations),
this explanation can account for the present study’s findings regarding syntactic
processing of ambiguities and violations in music.
Another alternative explanation is Perruchet and Poulin-Charronnat (2013)’s
attentional resources-based account, which states that attentional resources are shared
between syntactic processing in language and music, and observation of the same
resources hinges on there being enough attentional resources leftover to process
information from the non-relevant domain. For example, in a study where syntactic
processing in language and music occurs concurrently, there would need to be enough
resources leftover from the main syntactic processing task in language to process the
syntax in music. However, in the present study we studied syntactic processing in
language and in music one at a time, as opposed to concurrently, such that presentation of
sentences and chord progressions was separate. Therefore, Poulin-Charronnat et al.'s
attentional load account is not set up to explain findings in our non-concurrent research
design.
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Lastly, I will discuss whether working memory can account for our findings.
Research suggests that working memory is a mechanism engaged during syntactic
processing of ambiguities to maintain multiple syntactic representations after a garden
path structure has been encountered (e.g., MacDonald, Just, & Carpenter, 1992). There is
also evidence that working memory is engaged during syntactic processing of violations
in order maintain and update syntactic structures as they are presented, and detect
subject-verb agreement violations (e.g., Nicol, Forster, & Veres, 1997). Therefore it is
possible that participants in the present study engaged working memory in order to
process the syntactic stimuli and perform the accompanying acceptability tasks in
language and music. However, the data in the present study do not support this
hypothesis. We found no significant correlations between individual participants' RDI
values in each condition and working memory as measured by the Operation-Span task.
Therefore, it does not appear that differences in working memory span can explain when
participants’ differential sensitivity to syntactic ambiguities and violations in music.
In sum, the findings from Experiment 3 do not conclusively support the Shared
Syntactic Integration Resource Hypothesis. However, the SSIRH can account for our
findings if revisions are made. (These points of potential revision will be discussed
further in the General Discussion.) In particular, the hypothesis needs to specify whether
and how different syntactic structures, such as violations and ambiguities, engage
different resources. As a starting point, the hypothesis could incorporate PoulinCharronnat et al.’s (2005) dynamic attending explanation and propose dynamic attention
as a shared resource. The hypothesis also needs to be refined to specify whether and how
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shared resources and syntactic processing in language and music are modulated by prior
experience with managing syntactic systems.
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Chapter 6
General discussion
In neuropsychology, a double dissociation has been observed for the neural
correlates of language and music (e.g., Peretz, 1993; Slevc, Faroqi-Shah, Sexana, &
Okada, 2016); for a review, see Peretz & Coltheart, 2003). At the same time,
neuroimaging data suggest syntactic processing in language and music can activate
similar neural regions, such as Broca’s area (e.g., Maess et al., 2001). In order to help
reconcile these contradictory findings that simultaneously raise the possibility for
domain-specificity and neural overlap, Patel (2003; 2008) proposed the Shared Syntactic
Integration Resource Hypothesis.
According to the Shared Syntactic Integration Resource Hypothesis (SSIRH),
syntactic representations in language and music are distinct from one another, but
because the brain shares neural resources when similar cognitive operations are being
conducted, the resources used to process syntax in language are the same as those used to
process syntax in music (Patel, 2003; 2008). The SSIRH further predicts that the shared
resources are taxed during concurrent syntactic processing of music and language, such
that increased neural activation, exaggerated response times, and reduced accuracy will
be observed for tasks that involve concurrent linguistic and musical syntactic processing
as compared to tasks that involve either linguistic or musical syntactic processing alone.
In my dissertation, I examined the SSIRH over the course of three experiments
using a combination of behavioral and neurophysiological methodologies. Each of the
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experiments that were conducted as part of this dissertation, reported in Chapters 2-4,
included a General Discussion section focused toward the specific research questions
being tested in each experiment. Chapter 5 will provide a more overarching discussion of
the theoretical and empirical implications of the experiments, concluding with
suggestions for future research.

The role of cognitive control during syntactic processing in music
Experiment 1A used behavioral measures to investigate whether cognitive
resources could be a candidate for what Patel refers to as “shared resources” in the
SSIRH by examining whether cognitive control is engaged during syntactic processing in
music. In addition, we examined whether prior experience with managing syntactic
systems (e.g., bilingualism and musical training) modulates the engagement of cognitive
control during syntactic processing in music. Dutch-English bilingual musicians and nonmusicians and English monolingual musicians and non-musicians completed an adapted
version of the Stroop task (as was also used by Slevc et al., 2013) in their native language
(Dutch and English, respectively) during which the classic color-word Stroop task was
paired with the presentation of chord progressions.
In Experiment 1A, all four groups of participants were slower to respond to
visually incongruent trials as compared to visually neutral trials, which confirms that the
task yielded the predicted Stroop effect. We also observed a main effect of group. The
Dutch-English bilingual musicians were overall faster to respond across visually neutral
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and incongruent trials as compared to the other three groups. However, we did not
observe the predicted interference effect between visual congruency and harmonic
expectancy in any of the groups. All participants were equally fast to respond to visually
incongruent stimuli paired with harmonically expected chords as they were to visually
incongruent stimuli paired with harmonically unexpected chords. We also did not observe
any effects of prior experience. Musicians were overall equally fast to respond as
compared non-musicians, as were bilinguals in comparison to monolinguals. Critically,
because we did not observe the predicted interference effect between visual congruency
and harmonic expectancy, Experiment 1A suggests that cognitive control, as was
measured by the interference effect in our adapted Stroop task, is not engaged during
syntactic processing in music. Hence, we did not find evidence that cognitive control is
one of the shared resources for syntactic processing in language and music. We also did
not find evidence to suggest that prior experience with managing syntax in language, in
music, or both modulates how cognitive control is engaged during syntactic processing in
music.
Experiment 1B explored whether our lack of interference effect was due to task
instruction, and examined whether and how task instruction modulates the engagement of
cognitive control during syntactic processing in music. In particular, we changed the
instructions of the adapted Stroop task so that we could test Slevc and Okada’s (2015)
hypothesis that cognitive control, a mechanism recognized for its domain-general
application, is engaged during active syntactic processing in music when conflict
detection and resolution is involved. Participants alternated between performing the
classic Stroop task and naming the color of visual stimuli and judging the harmonic

151

acceptability of the musical stimuli, so that there would be a greater degree of attention
toward syntactic processing in music as compared to in Experiment 1A where the
instructions only directed attention toward the visual stimuli.
In Experiment 1B, participants were slower to respond to visually incongruent
trials as compared to visually neutral trials, confirming that the color-word naming task
yielded the predicted Stroop effect. We did not observe the predicted interference effect
between visual congruency and harmonic expectancy. Overall, the findings from
Experiment 1B replicate the findings from Experiment 1A. We did not observe the
predicted interference effect, as measured by the adapted Stroop task, which suggests that
cognitive control not engaged during syntactic processing in music. Given that the pattern
of findings for Experiment 1B was the same as that for Experiment 1A, we did not find
evidence to support Slevc and Okada’s (2015) proposal that engagement of cognitive
control would be evident when syntactic processing of music is active as compared to
when syntactic processing of music is passive.
Experiment 2 used behavioral measures to investigate whether prior experience
with auditory processing (i.e., tonal language use) influences how cognitive control is
engaged during syntactic processing in music. Chinese-English bilingual musicians and
non-musicians completed a Mandarin version of the adapted Stroop task used in
Experiment 1A. We compared their data with the non-tonal bilingual musicians and nonmusicians in Experiment 1A in order to examine whether prior experience with a tonal
language has an effect on syntactic processing in music in addition to the effect of prior
experience managing syntactic systems in language.
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In Experiment 2, the Chinese-English bilingual musicians and non-musicians
were slower to respond to visually incongruent trials as compared to visually neutral
trials, confirming that the task yielded the predicted Stroop effect. Also in these
bilinguals, we did not observe the predicted interference effect between visual
congruency and harmonic expectancy. In the analyses comparing the Chinese-English
bilingual musicians and non-musicians to Dutch-English bilingual musicians and nonmusicians from Experiment 1A did not find group differences, which suggests there were
no additive effects associated with prior experience with a tonal language in addition to
prior experience with syntactic management.
The pattern of findings from Experiment 2 replicates the findings of Experiment
1A. Cognitive control, as measured by the interference effect in our adapted Stroop task,
is not engaged during syntactic processing in music. Therefore, we did not find evidence
to suggest that cognitive control is one of the shared resources for syntactic processing in
language and music. We also did not find evidence to suggest that prior experience with a
tonal language modulates how cognitive control is engaged during syntactic processing in
music.
Overall, the adapted Stroop task used in Experiments 1A, 1B, and 2 yielded the
predicted Stroop effect. Furthermore, the task was sensitive to detect group differences;
Dutch-English bilingual musicians responded overall more quickly as compared to the
other three groups in Experiment 1A. Although our task was successful at eliciting the
Stroop effect and capturing group differences, we consistently did not observe the
predicted interference effect in any of the experiments. We also never observed
differences between the different groups tested and the Stroop interference effect (or the
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predicted interference effect), which suggests that prior experience(s) with language,
music, and tonal language use did not have an effect on the engagement of cognitive
control, as indexed by the adapted Stroop task we used, during processing syntax in
music.
Given the wealth of evidence from the monolingual and bilingual literature
reporting the use of cognitive control during syntactic processing in language (e.g.,
Dijkstra & Van Heuven, 2002; Green, 1998) and during conflict detection and resolution
in non-linguistic (e.g., Bialystok, Craik, & Luk, 2008; Costa, Hernández, & SebastiánGallés, 2008) and musical (e.g., Bialystok & DePape, 2009; Slevc, Davey, Buschkuehl,
& Jaeggi, 2016) contexts, we do not interpret our lack of interference effect to indicate
that cognitive control is not engaged during syntactic processing in music. Instead, we
suggest that Slevc et al.’s (2013) cognitive control account should be refined to discuss
how cognitive control is engaged for different syntactic structures. In addition, we
suggest that the account be refined to discuss the effect of chord placement on syntactic
processing in music.
In the General Discussion of Chapter 1B, I discussed possible reasons for the
differential findings of Slevc et al. (2013) and the present study. In short, the observed
interference effects in Slevc et al. seem to depend on specific characteristics of the
stimulus materials, such as transposition of base chord structures to multiple keys,
repeated presentation of the same base chord structure, and the operationalization of
harmonically unexpected chords as merely out-of-key chords. In the next paragraphs, I
will outline how the cognitive control account needs to be refined (as informed by
differences between Slevc et al.’s and the present study).
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First, I propose that a cognitive control account needs to be able to explain
whether and how different syntactic structures engage cognitive mechanisms
differentially based on the rules guiding formal music theory. According to music theory,
a key is comprised of a certain set of musical notes and keys sharing more notes with
each other are perceived as more related. The relationship between keys is often depicted
as the circle of fifths. Therefore, out-of-key chords can actually vary with respect to how
out of key they are (i.e., how far away they are from each other on the circle of fifths),
which in turn can affect whether or not cognitive control is a necessary resource. For
example, if a harmonically unexpected chord appears within a chord progression that is
one key away from the progression’s established key, one can imagine that cognitive
control is engaged in order to detect the unexpected chord, recognize its harmonic
function, and integrate it into the progression. However, if the chord is farther away from
the progression’s established key on the circle of fifths, then the chord might not function
harmonically within the progression and instead be treated as a violation where
successful integration is impossible, making it not worth the effort to employ cognitive
control. Future research can test this hypothesis by presenting out loud musical chord
progressions featuring out-of-key chords that vary in how far they are from the
progression’s established key on the circle of fifths while ERPs are recorded. If chord
progressions that vary in their distance to the progression’s key on the circle of fifths
elicit different ERP components, it would suggest that different syntactic structures
engage mechanisms differentially based on their harmonic function. However, if the
same ERP components are observed, it would suggest that a chord’s harmonic function
within a progression does not affect what mechanisms are engaged.
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Another factor likely involved with when cognitive control is engaged is the
location of the syntactic structure (i.e., ambiguities and violations) within the chord
progression. In terms of music theory, the beginning of a chord progression seeks to
establish the progression’s key and the end of a chord progression typically ends in the
same key, ends in a different key in order to help transition to the next progression (if
there is one), or resolves to a different key. (If the latter is the case, then the intervening
chords transitioned from the initial key to the final key.) It is not typical of traditional
Western music for the end of a chord progression to end abruptly with a harmonically
unexpected chord that serves no purpose. Therefore, if a listener encounters an
unexpected chord at the end of a chord progression, as it is in the adapted Stroop task, the
chord might be treated as a violation of harmonic syntax, no matter how close it is to the
progression’s key on the circle of fifths. That is, an unexpected chord at the end of a
chord progression would recruit less cognitive control as compared to an unexpected
chord in the middle of a chord progression, where cognitive control would be needed not
just to detect the unexpected chord, but also to attempt re-integrating the chord into the
progression.
In sum, I believe it is likely the case that the variety of out-of-key chords used in
Slevc et al.’s (2013) study can help explain why they observed an interference effect,
whereas when I used carefully controlled for unexpected chords the interference effect
was eliminated. Furthermore, I suggest that chord placement within a progression is
important for the cognitive mechanisms engaged not to explain the differences in our
findings and Slevc et al.’s, but to discuss the different factors that are involved with when
cognitive control is engaged during syntactic processing in music. Therefore, Slevc et

156

al.’s cognitive control account should be refined to accommodate the effect of chord type
and placement on syntactic processing in music, as well as predict more accurately when
and why cognitive control would be engaged during syntactic processing in music.

The role of shared resources during syntactic processing in language and music
Experiment 3 used event-related potentials to test the SSIRH directly and
examined whether the same cognitive resources are used to process syntax in language
and music. Based on prior research examining syntactic processing of different syntactic
structures in language and music (e.g., Patel et al., 1998) and the literature suggesting that
there are different ERP effects in response to different syntactic structures (e.g.,
Featherstone et al., 2011), we examined syntactic processing of ambiguities and
violations in language and in music in order to see whether the resources engaged for
these two syntactic structures are similar across language and music.
We chose to study syntactically comparable structures across in language, which
to our knowledge, make our study the first to use a set of stimuli that allowed for
investigation of syntactic processing of multiple structures using syntactically
comparable between language and music. English monolingual non-musicians listened to
spoken sentences and auditory chord progressions and completed linguistic and musical
acceptability tasks while event-related potentials were recorded. In particular, we used
garden path sentences and double dominant chords to create syntactically comparable
ambiguity conditions across language and music, where the ambiguities were unexpected
by the listener and only successfully integrated into the larger syntactic structure once
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they were detected, and cognitive control engaged to revise the initial syntactic
interpretation and resolve the ambiguity. We used subject-verb agreement violations and
Neapolitan sixth chords to create syntactically comparable violation conditions across
language and music, where the violations were unexpected by the listener and even once
the violation was detected, the violation remained impossible to integrate into the larger
structure, no matter what cognitive mechanisms were engaged. Overall, these choices in
stimuli (i.e., ambiguities and violations) and participant group thereby extends the work
conducted by Patel et al. (1998) to a new population and extended Featherstone et al.’s
(2013) hypothesis to see whether different structures can elicit different ERP responses
during syntactic processing in language.
Participants showed different ERP patterns in response to the ambiguities and
violations within and across language and music. In response to the language ambiguities,
participants showed a CPS after the prosodic break and a mixture of P600 and N400
effects in response to the actual ambiguity (as revealed by the RDI analyses). In response
to the two critical chords in the ambiguity progressions, the musical detours and
resolutions, participants showed no specific ERP effects, reflecting the non-musicians'
lack of sensitivity to the harmonic ambiguity manipulations. In response to the language
violations, participants showed the predicted P600 effect. In response to the critical chord
within the violation progressions, participants showed an N500.
Overall, we observed that our non-musician participants were sensitive to
syntactic ambiguities (i.e., CPS and P600) and violations (i.e., P600) in language, but
only sensitive to the salient syntactic violations in music (i.e., N500) and not to the more
subtle syntactic ambiguities in music (i.e., no specific ERP component). This pattern of
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findings differs from that of Patel et al. (1998) who reported a P600 effect in response to
both syntactic processing in language and music. More importantly, our findings do not
entirely support Patel’s Shared Syntactic Integration Resource Hypothesis, because we
did not find evidence for shared resources for syntactic processing of ambiguities in
language and music, but only for syntactic processing of violations in language and music
(although the specific components, P600 and N500, were different).
Although our findings do not align fully with the SSIRH’s predictions and Patel et
al.'s (1998) findings, they do align with the findings of Featherstone et al. (2013) who
tested only harmonic processing of ambiguities and lack of resolutions in music and
found that musicians and non-musicians showed different ERP components in response
to these structures in music. In particular, musicians showed a P600 in response to both
ambiguities and lack of resolutions, whereas non-musicians were not sensitive to
ambiguities, but they were sensitive to lack of resolutions at which point they showed an
N500. We theorize that the different pattern of ERP results for syntactic ambiguities in
language and music as compared to syntactic violations in language and music is the
result of differences in the cognitive mechanisms needed to successfully process the two
structures. In particular, we theorize that processing syntactic ambiguities in language
and music engage cognitive mechanisms for conflict detection of the ambiguity and
syntactic reanalysis for resolving the ambiguity and reparsing, whereas processing
syntactic violations in language and music only engage the cognitive mechanisms
associated with conflict detection and reanalysis.
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Alternative explanations for the present set of findings
Given that we did not observed the predicted interference effect in the adapted
Stroop experiment across Experiments 1A/1B and 2 and that our ERP findings do not
support conclusive support for the Syntactic Integration Resource Hypothesis’s claim that
there are shared resources for syntactic processing in language and music, I will now
consider alternative explanations for our data, particularly for syntactic processing in
music. In particular, I will discuss Poulin-Charronnat et al.’s (2005) dynamic attending
explanation, Perruchet and Poulin-Charronnat (2013)’s attentional resources-based
account. I will also discuss whether working memory span can explain our differential
Stroop and ERP findings.
According to Poulin-Charronnat et al.’s (2005) dynamic attending explanation,
there are certain musical elements that capture the listener’s attention due to the rules of
music theory, such that such that attention is at its greatest for these elements.
Furthermore, when musical elements capture attention, any other elements being
processed at the same time will receive an attentional boost. This theory does not specify
that concurrent processing must be going for certain musical elements to capture the
listener’s attention. As I will review, this explanation can only account for the findings
from Experiment 3, and not the findings from Experiments 1 and 2.
In Experiment 3, we embedded the harmonically unexpected chords (i.e.,
syntactic violations and ambiguities) into chord progressions and recorded ERPs while
participants listened to these progressions. We found that participants were not sensitive
to the double dominant chords used to make up the ambiguity progressions, but that they
were sensitive to the violation Neapolitan chords used to make up the violation
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progressions. Therefore, it could be argued that the violation chords were maximally
attention-grabbing, especially as compared to the ambiguity chords. We are unable to
conclude whether other elements being processed at the same time received an attentional
boost on the basis of Experiment 3, because we studied syntactic processing in language
and music separately from each other.
In Experiments 1 and 2, the critical chords appeared at the end of progressions at
the same time as visual Stroop trials. If musical harmony captures the listener’s attention
while simultaneously boosting the processing concurrent information, then the Stroop
interference effect should have been greatest when paired with harmonically unexpected
chords. However, we never observed such an interference effect between visual
congruency and harmonic expectancy. We also performed follow-up analyses in order to
examine the effects of double dominant and Neapolitan sixth chords separately from each
other, and we still did not observe interference between visual congruency and harmonic
expectancy. Overall, the dynamic attending explanation cannot fully account for the
present experiments’ findings.
Another alternative explanation centered on the possible role of attention during
syntactic processing refers back to Perruchet and Poulin-Charronnat (2013)’s attentional
resources-based account. In particular, this account predicts that an interference effect is
observed when there are sufficient resources leftover from the primary task to process the
concurrently present task-irrelevant information. Given that this account is focused on
explaining when interference effects occur, the account can at best only explain our
findings from Experiments 1 and 2 where we presented visual and auditory information
concurrently. That being said, our data do not support the attentional resources-based
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account. If participants were to show an interference effect at any point, it would have
been during the second half of the experiment after they had sufficient practice
performing the task, because at that point the task would have gotten easier, such that
participants would have leftover resources available for syntactic processing in music.
However, follow-up analyses on Experiment 1A did not find an interference effect in the
second half of the experiment when participants were fastest at performing the main
color-word naming task.
In addition to the alternative explanations centered on attention, it is possible that
variability in participants’ working memory span can explain the findings. As discussed
in the general introduction, working memory has been considered as a resource used
during syntactic processing (e.g., Fiveash & Pammer, 2012; Kljajević, 2010; Van de
Cavey & Hartsuiker, 2016). If working memory were engaged during any of the
experiments, then one would expect to see a relationship between the partial storage score
on the Operation-Span task, a measure of working memory, and our measures of
syntactic processing. However, working memory did not correlate with performance on
any of measures of the syntactic processing of language and music in our experiments.

The Revised Shared Syntactic Integration Resource Hypothesis
The findings reported in my dissertation present a relationship between syntactic
processing in language and music that is difficult to account for using the existing
theories. In this section, I propose a revised version of the SSIRH, the Revised Shared
Syntactic Integration Resource Hypothesis (rSSIRH), in order the better account for the
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present findings. According to the rSSIRH, syntactic representations in language and
music are separate from each other, but some of the resources used for syntactic
processing in language are also used for syntactic processing in music. Distinguishing
itself from its predecessor (Patel, 2003; 2008), the rSSIRH specifies that syntactic
processing in language and music only draw on the same resources when syntactic
equivalents across language and music are being processed.
The assumption that shared resources only exist for syntactically structural
equivalents is based on the findings from Experiment 3. We designed this particular study
with Patel et al.’s (1998) study in mind, but changed the stimuli from only varying the
ease with which the structure could be integrated into the larger context to also being
syntactic equivalents across language and music so that we could observe the underlying
cognitive mechanisms for detecting versus re-analyzing syntactic ambiguities and
violations in language and music. We created ambiguity and violation chord progressions
that were maximally comparable to the ambiguity and violation sentences in language,
and observed a different pattern of findings as compared to Patel et al. (1998).
Specifically, we found that participants were sensitive to the syntactic violations in
language and music and the syntactic ambiguity in language, but not to the syntactic
ambiguity in music, suggestive of only partially shared resources for syntactic processing
in language and music. This also suggests that Patel et al. (1998) erroneously concluded
that there were shared resources for syntactic processing in language and music because
the participants were sensitive to all of the stimuli (and consistently demonstrated a
P600), but the Patel et al. stimuli only varied in the degree of ease with which they could
be integrated and were not actually designed as structural parallels. Therefore, studies
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interested in examining whether there are shared resources for syntactic processing in
language and music should focus on maximizing the structural similarities of sentences
and chord progressions.
Furthermore, the rSSIRH proposes that whether or not shared resources are
observed depends on the particular structures being processed and their placement. This
assumption is based on the findings from Experiments 1 and 2, which did not replicate
Slevc et al.’s (2013) findings despite having used the same paradigm. The best
explanation for these differences is that we presented better controlled musical stimuli to
participants than Slevc et al. Specifically, when designing our experiment, we controlled
for the number (2) and types of harmonically unexpected chords used, and considered
how the chords we tested might affect the resources used to engage them. Furthermore,
this theory is supported by Featherstone et al.’s (2011) methodological review paper in
which they suggest that some studies examining syntactic processing in music have
observed a P600, while other studies have observed an N500, because different kinds of
chords have been used to create the harmonically unexpected conditions across studies.
The rSSIRH also proposes that an individual’s prior experience with managing
syntactic systems in language and music influences whether or not shared resources are
engaged. Although Experiments 1 and 2 did not show any effect of prior experience with
language, music, or tonal language use on syntactic processing in music, our ERP
findings in Experiment 3 simultaneously replicate Featherstone et al.’s (2013) nonmusician findings and differ from Patel et al.’s (1998) musician findings. Therefore, I
adopt a prior experience-based account to explain our findings. All typically developing
individuals have experience managing the syntactic system of language. However, only
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when an individual has prior experience managing a syntactic system in music will
syntactic processing in language and music engage the same resources. Without prior
experience in music, a non-musician will show differential sensitivity to different
structures, such as syntactic ambiguities and violations, which reflects that they either do
not have the resources necessary to process some music structures at the same level as
they would process the structure in language, or that the resources to process those
structures (i.e., ambiguities) have not yet been honed. Furthermore, this explanation can
account for when non-musicians show an N500 and musicians show a P600 in response
to a syntactic violation in music, because non-musicians are merely able to detect the
violation, whereas musicians have the resources to go beyond detecting the violation and
see whether the harmonically unexpected information can be reintegrated into the chord
progression.

Testing the rSSIRH and future directions
In this section I will propose four ways in which to test the rSSIRH, building on
and extending the empirical knowledge gained from the present experiments. In
particular, I propose that studies continue to investigate the effects of prior experience on
syntactic processing as the primary future direction for the field. I propose to examine
syntactic processing in language and music in individuals with different backgrounds and
examine whether different prior experiences with language also influence the resources
engaged. In particular, studies should use a within-subjects design to avoid having to
draw surface-level conclusions across groups. By examining the effects of prior
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experience on the resources engaged during syntactic processing in language and music
within participants, one can also examine whether there is any consistency in the
positivity or negativity of responses across language and music.
If there are group differences such that bilinguals as compared to monolinguals,
like musicians as compared to non-musicians, have increased sensitivity to syntactic
structures in their area of prior experience, then it would appear that prior experience
with managing syntactic systems in either language or music (and not just in music) can
have an effect of the resources engaged. Furthermore, additional observations of group
differences will provide insight as to when shared resources exist as the default in the
syntactic processing system and when shared resources only emerge as a function of prior
experience. It will be interesting to see if there are differences between monolinguals and
bilinguals, because monolinguals already have extensive prior experience managing
syntax in their one language. Group differences between monolinguals and bilinguals
would suggest that not only can prior experience cause shared resources to develop, as it
is with musicians gaining added sensitivity to harmonic ambiguities as compared to nonmusicians, but that certain prior experiences (e.g., bilingualism) can enhance the default
resources that we all have to have added sensitivity.
When studying the relationship between syntactic processing in language and
music, I think the following methodological issues should be considered. First, it is
apparent from our findings and Featherstone et al.’s (2013) that different structures (i.e.,
ambiguities and violations) can engage different resources (i.e., detection and reintegration mechanisms). Therefore, when designing a study it is important to examine
equivalent structures across language and music (or at least to maximize structural
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equivalence of sentences and musical chords), in order to accurately compare syntactic
processing in language and its underlying cognitive mechanisms to syntactic processing
in music and its underlying cognitive mechanisms.
Second, it is worth noting that we observed a closure positive shift (CPS) in
response to the prosodic break in the language ambiguity sentences, suggesting that a
listener can use the prosodic break to help disambiguate the upcoming ambiguity. These
sorts of extra-linguistic information should be included in future studies in order to study
syntactic processing in the most naturalistic setting as possible. This also means that it
might be valuable for studies examining syntactic processing in music to consider
creating more naturally occurring extra-musical information (e.g., lengthening of pretonic chords, lengthening of pauses between chords, increases in volume for tonic
chords), and to study whether and how listeners use these cues to guide their harmonic
processing.
Finally, I suggest that future studies avoid using paradigms that involve the
concurrent processing of two streams of information (e.g., the adapted Stroop task).
Instead, it would be better to present the stimuli in one stream of information, such as the
sung stimuli paradigm that Federenko et al. (2009) used, or in separate tasks, such as how
we presented stimuli in Experiment 3 and how Patel et al. (1998) conducted their study.
The purpose of presenting the stimuli separately from one another is to ensure the
resources being engaged (and therefore measured) are specifically for syntactic
processing in language and music and not the result of asking participants to manage
multiple streams of information. This is particularly important because the rSSIRH is
investigated in further testing whether mechanisms like attention and working memory
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are involved in syntactic processing in language and music, but concurrent presentation
of two streams of information will confound the mechanisms possible involvement in
syntactic processing with its use in managing multiple streams of information.
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Appendix A
Musical stimuli for Experiments 1 and 2
Harmonically expected chord progressions:
Visual Stimulus Type
Congruent
Congruent
Congruent
Congruent
Congruent
Congruent
Incongruent
Incongruent
Incongruent
Incongruent
Incongruent
Incongruent
Incongruent
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Congruent
Congruent
Congruent
Congruent
Congruent
Congruent
Incongruent
Incongruent
Incongruent
Incongruent
Incongruent

Final chord
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC

Key
Bb
Bb
Bb
Bb
C
C
C
D
D
D
D
F
F
C
F
F
G
G
G
G
F
F
F
G
G
G
Bb
Bb
Bb
Bb
C

Progression
I IV6 V64 V7 I
I I6 ii V I
I vii°7 I V7 I
I vii°/vi vi V I
I IV V64 V7 I
I ii6 V64 V65 I
I IV ii6 V65 I
I VI7 V/V V I
I ii V/V V7 I
I IV7 VII V7 I
I IV ii V65 I
I V/vi vi V7 I
I vi IV V I
I V6 V64 V7 I
I IV vii°7/IV IV I
I V V65/V V7 I
I VII V42/V V65 I
I IV ii6 V7 I
I ii V iii64 I
I ii V65/V V7 I
I IV V vi I
I ii V V7 I
I IV I V I
I IV6 V/V V7 I
I V65/IV IV V I
I vi6 ii V7 I
I IV IV6 V I
I V V6 V7 I
I V vi vii°7 I
I V vii°7/V V I
I V42/IV IV6 V7 I
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Incongruent
Incongruent
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Congruent
Congruent
Congruent
Congruent
Congruent
Congruent
Incongruent
Incongruent
Incongruent
Incongruent
Incongruent
Incongruent
Incongruent
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Congruent
Congruent
Congruent
Congruent
Congruent
Congruent
Incongruent
Incongruent
Incongruent
Incongruent
Incongruent

PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC

C
C
C
D
D
D
D
F
G
C
C
D
D
D
D
F
F
F
G
G
G
G
Bb
Bb
Bb
Bb
C
C
F
Bb
Bb
Bb
Bb
C
C
C
D
D
D
D

I IV V65/V V I
I V43 I6 V65 I
I V6/ii ii V I
I vi V vii°7 I
I ii V vii°7 I
I vii°7/vii V7 I
I iii IV V I
I IV Gr65 V I
I IV64 ii V I
I V/IV IV V& I
I I6 IV V I
I IV ii iii64 I
I IV V iii64 I
I IV V V65 I
I iii V V7 I
I ii IV V7 I
I vii°7/V V7 I
I V65 I V7 I
I ii iii64 V I
I iv6 iiø65 V7 I
I IV iv V I
I V vi V65 I
I ii iiø65 V I
I V42 I V7 I
I ii ii6 V7 I
I V65/V V V7 I
I IV ii V I
I IV V7/V V I
I iv iiø65 V I
I V I V7 I
I V vi V I
I V/V V V7 I
I vi ii V I
I bVI I V7 I
I IV V V7 I
I vii°7/IV IV V I
I iii ii V7 I
I iii vi V7 I
I IV iii64 V I
I vi I iii64 I
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Incongruent
Incongruent
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral

PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC
PAC

F
F
C
F
F
G
G
G
G

I V7/ii ii V7 I
I vii°7 ii ii V7 I
I ii6 V65/V V7 I
I IV V7 vii°7 I
I IV7 bVII V7 I
I I6 ii iii64 I
I V42/vi vi6 V I
I I6 ii6 V7 I
I iii iii64 V7 I

Harmonically unexpected chord progressions (ending with Neapolitan sixth):
Visual Stimulus Type
Congruent
Congruent
Congruent
Incongruent
Incongruent
Incongruent
Incongruent
Neutral
Neutral
Neutral
Congruent
Congruent
Congruent
Incongruent
Incongruent
Incongruent
Incongruent
Neutral
Neutral
Neutral
Congruent
Congruent
Congruent
Congruent
Incongruent
Incongruent
Incongruent
Neutral

Final chord
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6

Key
Bb
Bb
C
C
D
D
F
F
G
G
F
G
G
D
D
F
Bb
Bb
C
C
Bb
Bb
C
C
D
D
F
F

Progression
I V/ii ii V bII6
I IV V/V V I bII6
I iii ii6 V7 bII6
I I6 IV6 V bII6
I I6 V/V V7 bII6
I iii I V bII6
I IV vi V bII6
I ii vii°7/V V bII6
I V/bVI bVI V7 bII6
I V/vii vii°7 V bII6
I vii°7/iii iii V7 bII6
I V6 I V65 bII6
I IV6 I V7 bII6
I ii vii°7 V bII6
I vi ii6 V bII6
I vi vi6 V7 bII6
I V65/ii ii V7 bII6
I V65/vi vi V bII6
I iii IV6 V7 bII6
I V42/V V6 V7 bII6
I V7/vi vi V65 bII6
I ii ii6 vii°7 bII6
I ii vi V bII6
I IV iii6 V bII6
I ii Gr65 V7 bII6
I iii6 I V7 bII6
I V IV V7 bII6
I IV IV6 V7 bII6
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Neutral
Neutral
Congruent
Congruent
Congruent
Congruent
Incongruent
Incongruent
Incongruent
Neutral
Neutral
Neutral

bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6
bII6

G
G
F
F
G
G
C
D
D
Bb
Bb
C

I V iii6 V7 bII6
I ii vii°7/V V7 bII6
I III vi V7 bII6
I v7/v V V7 bII6
I IV It6 V7 bII6
I iii6 V7/V V7 bII6
I iii V/V V7 bII6
I IV ii V7 bII6
I IV6 vii°7/V V bII67
I IV V vii°7 bII6
I ii iV vii°7 bII6
I ii I IV 7 bII6

Harmonically unexpected chord progressions (ending with double dominant):
Visual Stimulus Type

Final chord

Key

Progression

Congruent

DD

Bb

I V6 I V7 DD

Congruent

DD

Bb

I IV iiø65 V7 DD

Congruent

DD

C

I vi6 IV V DD

Incongruent

DD

C

I vii°7/vi vi V DD

Incongruent

DD

D

I VII6 V/V V DD

Incongruent

DD

D

I V/IV IV V DD

Neutral

DD

F

I ii V6 V I DD

Neutral

DD

F

I iii6 ii V7 DD

Neutral

DD

G

I ii6 iii64 V7 DD

Neutral

DD

G

I I6 ii6 iii64 DD

Congruent

DD

F

I IV6 V vi DD

Congruent

DD

G

I V7/vi vi V DD

Congruent

DD

G

I V/iii iii V DD

Incongruent

DD

D

I vii°42/vi vi6 V7 DD

Incongruent

DD

D

I ii6 iv6 V7 DD

Incongruent

DD

F

I iii6 IV V DD

Neutral

DD

Bb

I IV ii6 iii64 DD

Neutral

DD

Bb

I IV V ii DD

Neutral

DD

C

I IV6 ii V DD
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Neutral

DD

C

I IV6 V V7 DD

Congruent

DD

Bb

I ii IV6 V7 DD

Congruent

DD

Bb

I IV6 iii6 V DD

Incongruent

DD

C

I ii V vi DD

Incongruent

DD

C

I iii6 V vii°7 DD

Incongruent

DD

D

I IV V7/IV V7 DD

Incongruent

DD

D

I ii6 IV V 7 DD

Neutral

DD

F

I V ii V7 DD

Neutral

DD

F

I V42/ii ii6 V7 DD

Neutral

DD

G

I V ii vii°7 DD

Neutral

DD

G

I ii vii°7/vii vii DD

Congruent

DD

F

I V42/iii iii6 V DD

Congruent

DD

F

I IV6 vi6 V7 DD

Incongruent

DD

G

I iii6 vii°7/V V DD

Incongruent

DD

G

I I6 V43/V V65 DD

Incongruent

DD

C

I IV FR42 V7 DD

Incongruent

DD

D

I V7/vi vi vii°7 DD

Neutral

DD

D

I V vi iii6 DD

Neutral

DD

Bb

I ii V7/V V DD

Neutral

DD

Bb

I ii iii V DD

Neutral

DD

C

I ii It6 V7 DD

184

Appendix B
Correlational analyses for Experiment 1A

Unexpecte
d Stroop
effect (in
ms)
Partial
score for
O-Span
(out of 75)
Flanker
score (in
ms)

Correlations
Unexpecte Partial Flank Englis
d Stroop
score
er
h
effect
for Oscore verbal
Span
fluenc
y
score
Pearson's
1
-0.18
-0.149
correlation
0.157
Significan
ce
Pearson's
-0.18
correlation
Significan 0.1
ce
Pearson's
-0.157
correlation

Avg.
L1
rating

Avg.
L2
ratin
g

Dutch
verbal
fluency
score

0.053

-.132

.221
*

-.012

0.04
2
0.12
6

0.938

0.24
9
0.05
7

0.457

0.60
7
.265
*

0.961

0.01
5
0.18
3

0.413

0.09
3
0.07
1

0.971

0.1

0.152

0.176

0.628

0.227

1

0.052

.358**
*

.278*

.302*

0.638

0.001

0.01

0.005

1

0.161

-0.009

0.192

0.143

0.934

0.079

1

.230*

0.071

0.036

0.52

1

0.060

0.052

Significan 0.152
ce
Pearson's
-0.149
correlation

0.638
.358**
*

0.161

Significan 0.176
ce
Gordon's
Pearson's
0.053
tonal score correlation
(out of
100)
Significan 0.628
ce
Average
Pearson's
-0.132
L1 rating
correlation

0.001

0.143

.278*

0.009

.230*

0.01

0.934

0.036

.302*

0.192

0.071

English
verbal
fluency
score

Gordon'
s
composi
te score

0.586
-0.06

1

0.115

-0.008

0.126

-0.006

-0.046
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Average
L2 rating
Dutch
verbal
fluency
score

Significan
ce
Pearson's
correlation
Significan
ce
Pearson's
correlation

0.227

0.005

0.079

0.52

0.586

-.221*

0.126

0.057

.265*

0.183

0.071

0.042

0.249

0.607

0.015

0.093

0.519

-.012

0.115

0.008

0.126

-0.006

0.046

0.51
9
1

0.765
0.057
0.712

0.05
7

1

Significan 0.938
0.457
0.961 0.413
0.971
0.765 0.71
ce
2
*** Correlation is significant at the 0.001 level; * Correlation is significant at the 0.05
level.

186

Appendix C
One-Way ANOVAs on individual difference measures for bilinguals in Experiments
1A and 2

One-Way Analyses of Variance
F
Sig.
English Verbal Fluency score
9.024 .000***
Partial score for Operation-Span Task (out of 75)
5.945 .001*
Flanker effect (in ms)
1.797 .154
Gordon’s tonal score (out of 100)
3.167 .029*
*** Correlation is significant at the 0.001 level; * Correlation is significant at the 0.05
level.

Appendix D
Correlational Analyses for Experiment 2
Unexpecte Partia Flanke
d Stroop
l
r score
effect
score
for OSpan
Unexpect
ed Stroop
effect
Partial
score for
O-Span
Flanker
score
English
verbal
fluency
score
Gordon's
composit
e score
Average
L1 rating
Average
L2 rating

Pearson's
1
correlation

0.043

0.219

Englis
h
verbal
fluenc
y
score
-0.226

Significan
ce
Pearson's
0.043
correlation

0.785

0.163

0.156

0.072

0.54

0.853

0.732

1

-0.033

.459**

.404**

.339*

0.056

0.11

0.837

0.003

0.007

0.026

0.721

0.49

0.033
0.837

1

0.053

-0.279

0.079

-0.109

0.745

0.074

0.617

0.227
0.148

-0.226

.459*
*

0.053

1

0.255

0.199

0.017

0.085

Significan 0.156
ce
Pearson's
-0.277
correlation

0.003

0.745

0.107

0.213

0.916

0.598

.404*
*

-0.279

0.255

1

0.028

0.094

0.248

Significan
ce
Pearson's
correlation
Significan
ce
Pearson's
correlation
Significan

0.072

0.007

0.074

0.107

0.857

0.55

0.113

-0.096

.339*

0.079

0.199

0.028

1

0.024

0.54

0.026

0.617

0.213

0.857

0.061
0.7

-0.029

0.056
0.721

-0.227

0.017

-0.094

1

0.246

0.148

0.916

0.55

Significan
ce
Pearson's
correlation
Significan
ce
Pearson's
correlation

0.785
0.219
0.163

0.853

Gordon'
s
composi
te score

Avg. Avg.
L1
L2
rating rating

Chinese
verbal
fluency
score

-0.277

0.096

0.029

-0.054

0.061
0.7

0.498

0.88

0.116
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Chinese
verbal
fluency
score

ce
Pearson's
-0.054
correlation

0.11

-0.109

0.085

0.248

0.024

0.246

Significan 0.732
0.49
0.498 0.598
0.113
0.88
0.116
ce
*** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05
level (2-tailed).
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Appendix E
Musical stimuli for Experiment 3
Ambiguous chord progressions and controls:
Condition

Key

Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous

C
C
C
C
C
C
C
C
C
C
C
C
C

Control

C

Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous

C
C
F
F
F
F
F
F
F
F
F
F
F

Control

F

Ambiguous
Control
Ambiguous

F
F
F

Chord Progression

Critical
Chord
Placement
I IV V V7 V/V iii vi V7 I ii43 V7 I
5
I IV V V7 IV iii vi V7 I ii43 V7 I
5
I IV V V65 V/V vi6 IV6 V6 I IV64 V65 I
5
I IV V V65 V7 vi6 IV6 V6 I IV64 V65 I
5
I V42/IV IV6 V7 V/V IV vi V I ii6 V6 I
5
I V42/IV IV6 V7 V/IV IV vi V I ii6 V6 I
5
I IV IV6 V V/V IV V43 V7 I V7 V65 I
5
I IV IV6 V V6 IV V43 V7 I V7 V65 I
5
I V V43 V6 V/V V/ii ii V7 I viiº7/V V I
5
I V V43 V6 IV64 V/ii ii V7 I viiº7/V V I
5
I vi IV V42 V/V V7/iii iii vi64 I viiº43 V7 I 5
I vi IV V42 vi64 V7/iii iii vi64 I viiº43 V7 I 5
I IV vii°7/IV IV V/V V7/ii V7/V V I V V7 5
I
I IV vii°7/IV IV V7/vi V7/ii V7/V V I V
5
V7 I
I V IV6 V7 V/V IV ii V7 I V6 V7 I
5
I V Iv6 V7 V/IV IV ii V7 I V6 V7 I
5
I IV V7 vi V/V V vi V7 I vi6 V7 I
5
I IV V7 vi IV V vi V7 I vi6 V7 I
5
I ii V V7 V/V viiº7/V V V7 I IV V7 I
5
I ii V V7 iii7 viiº7/V V V7 I IV V7 I
5
I IV64 I V V/V iii IV V I vi V I
5
I IV64 I V vi iii IV V I vi V I
5
I iv iiø65 V V/V IV viiº43/V V I V65 V42 I 5
I iv iiø65 V iii IV viiº43/V V I V65 V42 I
5
I ii IV V7 V/V vi viiº7/vii viiº7 I iii ii7 I
5
I ii IV V7 V/vi vi viiº7/vii viiº7 I iii ii7 I
5
I vi vii°7/V V7 V/V V65/IV IV6 V65 I vi
5
IV6 I
I vi vii°7/V V7 vi V65/IV IV6 V65 I vi IV6 5
I
I V65 vi V V/V V7/vi vi V7 I iii V7 I
5
I V65 vi V IV V7/vi vi V7 I iii V7 I
5
I V65/ii ii V V/V iii64 IV V7 I viiº7 V7 I
5

Resolution
Placement
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
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Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous
Control
Ambiguous

F
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
G
G
G
G
G
G
G
G
G
G
G

I V65/ii ii V IV6 iii64 IV V7 I viiº7 V7 I
I V vii°7/V V V/V ii IV V V7 I vii43 I
I V vii°7/V V V/IV ii IV V V7 I vii43 I
I ii iiø65 V V/V IV ii I vi I IV64 I
I ii iiø65 V IV6 IV ii I vi I IV64 I
I V42 I6 V7 V/V V/ii ii V viiº7 I IV I
I V42 I6 V7 vi V/ii ii V viiº7 I IV I
I ii ii6 V7 V/V V6 vi IV6 V7 I ii42 I
I ii ii6 V7 vi V6 vi IV6 V7 I ii42 I
I V65/V V V7 V/V V/vi vi IV V7 I iii64 I
I V65/V V V7 ii V/vi vi IV V7 I iii64 I
I V I V7 V/V V/iii iii iii64 V I ii6 I
I V I V7 vi6 V/iii iii iii64 V I ii6 I
I V vi V V/V V V65/vi vi viiº7 I ii65 I
I V vi V vi V V65/vi vi viiº7 I ii65 I
I ii V V65 V/V V/vii viiº7 vi V I vi I
I ii V V65 IV6 V/vii viiº7 vi V I vi I
I IV7 VII V7 V/V ii V6 I ii V I
I IV7 VII V7 vi6 ii V6 I ii V I
I IV ii V65 V/V iii64 V I ii6 V I
I IV ii V65 IV6 iii64 V I ii6 V I
I vi V vii°7 V/V IV V6 I IV6 V7 I
I vi V vii°7 V/IV IV V6 I IV6 V7 I
I ii V vii°7 V/V ii6 V I ii V7 I
I ii V vii°7 iii6 ii6 V I ii V7 I
I vii°7/vii vii V7 V/V vi6 V65 I V V64 I
I vii°7/vii vii V7 IV6 vi6 V65 I V V64 I
I iii IV V V/V IV6 V I ii6 V7 I
I iii IV V vi IV6 V I ii6 V7 I
I IV ii iii64 V/V iii6 V6 I vi6 V6 I
I IV ii iii64 vi6 iii6 V6 I vi6 V6 I
I IV V iii64 V/V IV6 IV64 I vi64 V7 I
I IV V iii64 vi6 IV6 IV64 I vi64 V7 I
I IV ii6 V7 V/V IV V43 I IV6 V6 I
I IV ii6 V7 ii IV V43 I IV6 V6 I
I ii V iii64 V/V iii V7 I ii V43 I
I ii V iii64 IV6 iii V7 I ii V43 I
I vi6 ii V7 V/V vi V I IV V43 I
I vi6 ii V7 vi6 vi V I IV V43 I
I IV64 ii V V/V vi6 V I ii42 V6 I
I IV64 ii V IV64 vi6 V I ii42 V6 I
I ii iii64 V V/V IV V I IV6 V43 I
I ii iii64 V ii6 IV V I IV6 V43 I
I iv6 iiø65 V7 V/V IV6 V6 I ii65 V I

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

9
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
8
8
8
8
8
8
8
8
8
8
9
9
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
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Control
Ambiguous
Control
Ambiguous
Control

G
G
G
G
G

I iv6 iiø65 V7 vi IV6 V6 I ii65 V I
I IV iv V V/V ii V43 I IV vi I
I IV iv V IV6 ii V43 I IV vi I
I I6 ii iii64 V/V ii65 V I vi V7 I
I I6 ii iii64 iii ii65 V I vi V7 I

5
5
5
5
5

8
8
8
8
8

Violation chord progressions and controls:
Condition

Key

Chord Progression

Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
Bb
Bb

I IV iii V bII6 V7 I IV V7/V V I
I IV iii V ii V7 I IV V7/V V I
I V42/IV IV6 V bII6 IV I vi IV V7 I
I V42/IV IV6 V ii IV I vi IV V7 I
I V65 IV6 V7 bII6 V7 I IV V64 V7 I
I V65 IV6 V7 vi V7 I IV V64 V7 I
I IV V65/V V7 bII6 viiº64 I viiº7/IV IV V I
I IV V65/V V7 iii6 viiº64 I viiº7/IV IV V I
I V/vi vi V7 bII6 V7 I vi IV6 V7 I
I V/vi vi V7 ii V7 I vi IV6 V7 I
I V7/ii ii V7 bII6 vi IV ii V7 I V6 I
I V7/ii ii V7 V/vi vi IV ii V7 I V6 I
I vii°7 ii V7 bII6 vi6 iii64 IV6 V I IV I
I vii°7 ii V7 V42/vi vi6 iii64 IV6 V I IV I
I IV V7 vii°7 bII6 ii V vi IV I V I
I IV V7 vii°7 V/ii ii V vi IV I V I
I vii°7 I V7 bII6 IV V vi V I V43 I
I vii°7 I V7 vi IV V vi V I V43 I
I I6 ii V bII6 iii IV ii V I iii6 I
I I6 ii V IV iii IV ii V I iii6 I
I IV6 V64 V7 bII6 IV V V7 I vi IV I
I IV6 V64 V7 vi IV V V7 I vi IV I
I IV7 bVII V7 bII6 V/iii iii ii V I ii7 I
I IV7 bVII V7 IV6 V/iii iii ii V I ii7 I
I vii°/vi vi V bII6 iii IV vi I vi6 IV I
I vii°/vi vi V IV iii IV vi I vi6 IV I
I IV IV6 V bII6 ii V V7 I V V65 I
I IV IV6 V vi ii V V7 I V V65 I
I V V6 V7 bII6 V7/vi vi V I iii IV I
I V V6 V7 vi V7/vi vi V I iii IV I
I V vi vii°7 bII6 V/IV IV V V7 I ii I
I V vi vii°7 vi V/IV IV V V7 I ii I
I vi ii V bII6 V V7 I V V43 I
I vi ii V vi V V7 I V V43 I

Critical Chord
Placement
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
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Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control
Error
Control

Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

I V6 I V7 bII6 V/vii viiº7 I IV V I
I V6 I V7 IV V/vii viiº7 I IV V I
I IV iiø65 V7 bII6 ii V65 I IV V65 I
I IV iiø65 V7 vi ii V65 I IV V65 I
I IV ii6 iii64 bII6 iii6 V7 I ii43 V I
I IV ii6 iii64 IV6 iii6 V7 I ii43 V I
I IV V vi bII6 IV6 V I iii IV6 I
I IV V vi ii IV6 V I iii IV6 I
I V/ii ii V bII6 viiiº7/V V I viiº43 V43 I
I V/ii ii V IV viiiº7/V V I viiº43 V43 I
I V65/ii ii V7 bII6 V viiº7 I IV6 V I
I V65/ii ii V7 vi V viiº7 I IV6 V I
I V65/vi vi V bII6 IV6 V7 I iii V I
I V65/vi vi V ii IV6 V7 I iii V I
I IV V V65 bII6 ii V7 I ii V65 I
I IV V V65 vi6 ii V7 I ii V65 I
I iii V V7 bII6 IV V65 I IV V6 I
I iii V V7 vi IV V65 I IV V6 I
I iii ii V7 bII6 viiº7/V V7 I iii V6 I
I iii ii V7 IV viiº7/V V7 I iii V6 I
I iii vi V7 bII6 viiº42/V V6 I iii6 V7 I
I iii vi V7 vi viiº42/V V6 I iii6 V7 I
I IV iii64 V7 bII6 ii42 V65 I V V6 I
I IV iii64 V7 IV6 ii42 V65 I V V6 I
I vi I iii64 bII6 IV6 V65 I ii6 V65 I
I vi I iii64 iii6 IV6 V65 I ii6 V65 I
I V/IV IV V bII6 IV6 V43 I IV6 V65 I
I V/IV IV V vi IV6 V43 I IV6 V65 I
I vii°42/vi vi6 V7 bII6 ii7 V I iii V65 I
I vii°42/vi vi6 V7 IV64 ii7 V I iii V65 I

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Filler chord progressions and controls:
Condition

Key

Chord Progression

Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control

C
C
C
C
C
C
C
C

I IV ii V/V vi V/IV IV V I V64 V I
I IV ii V I vi V/IV IV V I V64 V I
I ii V/V IV V vi V7 I ii6 V6 I
I ii ii6 IV V vi V7 I ii6 V6 I
I IV V/V vi IV V I IV V V7 I
I IV V vi IV V I IV V V7 I
I V7 V/V IV vi ii V I IV V42 I
I V7 ii IV vi ii V I IV ii V42 I

Critical
Chord
Placement
4
4
3
3
3
3
3
3

Resolution
Placement
9
9
8
8
7
7
8
8
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Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control

G
G
G
G
G
G
G
G
D
D
D
D
D
D
D
D
F
F
F
F
F
F
F
F
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb
C
C
C
C
C
C
C
C
G
G
G
G

I V V V/V IV vi V I ii6 V V7 I
I IV V vi IV vi V I ii6 V V7 I
I IV6 ii V/V V/iii iii V64 V I V7 I
I IV6 ii6 II6 V/iii iii V64 V I V7 I
I IV6 V/V vi V V7 I ii IV V V7 I
I IV6 IV vi V V7 I ii IV V V7 I
I V/IV V/V ii vi IV V I IV V V65 I
I V/IV IV ii vi IV V I IV V V65 I
I iii6 V/V vi IV ii V I ii IV V I
I iii6 V/vi vi IV ii V I ii IV V I
I IV IV6 V/V iii6 I IV ii ii7 V V7 I
I IV IV6 IV64 iii6 I IV ii ii7 V V7 I
I IV IV6 V vi V/V ii65 V65 I ii65 V65 I
I IV IV6 V vi IV ii65 V65 I ii65 V65 I
I ii V vi IV V/V IV64 I IV6 V42 I
I ii V vi IV V/V IV64 I IV6 V42 I
I IV V vi ii V/V V I ii64 V7 I
I IV V vi ii IV V I ii64 V7 I
I IV ii ii6 V vi V/V V7 I ii65 V6 I
I IV ii ii6 V vi IV V7 I ii65 V6 I
I V vi ii IV IV6 V/V V6 I ii7 V65 I
I V vi ii IV IV6 V V6 I ii7 V65 I
I IV vi ii V V/V v65 I IV ii V65 I
I IV vi ii V vi V65 I IV ii V65 I
I iii ii IV V V7 V/V V43 I V65 V7 I
I iii ii IV V V7 vi V43 I V65 V7 I
I ii V vi iii6 V/V ii6 V7 I ii65 V43 I
I ii V vi iii6 V ii6 V7 I ii65 V43 I
I IV vi6 ii65 V V/V IV6 V42 I vi V43 I
I IV vi6 ii65 V V42/IV IV6 V42 I vi V43 I
I vi IV ii V V/V vi IV6 I viiº65 I
I vi IV ii V V/V vi IV6 I viiº65 I
I iii bII6 vi IV ii6 V I ii7 V43 I
I iii V/vi vi IV ii6 V I ii7 V43 I
I IV V6 bII6 IV ii6 V I ii IV V7 I
I IV V6 V42/IV IV ii6 V I ii IV V7 I
I vi bII6 ii ii6 V I IV IV6 V7 I
I vi V/ii ii ii6 V I IV IV6 V7 I
I ii V bII6 ii IV64 I IV V V6 I
I ii V vi ii IV64 I IV V V6 I
I iii IV bII6 vi ii IV6 V I ii7 V6 I
I iii IV V vi ii IV6 V I ii7 V6 I
I ii42 bII6 iii6 V65/vi vi V64 V I ii65 V7 I
I ii42 V6 iii6 V65/vi vi V64 V I ii65 V7 I

4
4
4
4
3
3
3
3
3
3
4
4
6
6
6
6
6
6
7
7
7
7
6
6
7
7
6
6
6
6
6
6
3
3
4
4
3
3
4
4
4
4
3
3

8
8
9
9
7
7
8
8
8
8
6
6
9
9
8
8
8
8
9
9
9
9
8
8
9
9
9
9
9
9
9
9
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.

194

Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control
Violation
Control

G
G
G
G
D
D
D
D
D
D
D
D
F
F
F
F
F
F
F
F
Bb
Bb
Bb
Bb
Bb
Bb
Bb
Bb

I ii IV bII6 vi ii IV V I ii7 V42 I
I ii IV V vi ii IV V I ii7 V42 I
I iii V bII6 IV V6 vi6 V I V42 I
I iii V vi IV V6 vi6 V I V42 I
I V bII6 ii64 V64 V I IV V V6 V7 I
I V vi ii64 V64 V I IV V V6 V7 I
I IV64 bII6 iii6 V V7 I ii V V7 I
I IV64 V65 iii6 V V7 I ii V V7 I
I IV iii ii V bII6 ii6 V43 I V V7 I
I IV iii ii V vi ii6 V43 I V V7 I
I IV IV6 ii V bII6 IV64 V65 I V6 V I
I IV IV6 ii V ii IV64 V65 I V6 V I
I iii IV ii V V6 bII6 viiº7/V V7 I viiº7 I
I iii IV ii V V6 vi viiº7/V V7 I viiº7 I
I ii IV V V7 bII6 V V65 I viiº7 V65 I
I ii IV V V7 bII6 V V65 I viiº7 V65 I
I vi IV IV6 ii7 bII6 V6 V7 I V viiº7 I
I vi IV IV6 ii7 V V6 V7 I V viiº7 I
I ii ii6 V V6 bII6 vi V65 I viiº7/V V65 I
I ii ii6 V V6 V7 vi V65 I viiº7/V V65 I
I IV6 V vi IV V bII6 viiiº7 I V6 V65 I
I IV6 V vi IV V vi viiiº7 I V6 V65 I
I ii6 IV IV6 V bII6 vi V43 I IV vi6 I
I ii6 IV IV6 V V7 vi V43 I IV vi6 I
I IV ii6 V V6 bII6 IV64 V6 I ii64 V65 I
I IV ii6 V V6 vi IV64 V6 I ii64 V65 I
I IV6 vi ii ii65 bII6 vi6 V7 I vi6 V65 I
I IV6 vi ii ii65 bII6 vi6 V7 I vi6 V65 I

4
4
4
4
3
3
3
3
6
6
6
6
7
7
6
6
6
6
6
6
7
7
6
6
6
6
6
6

N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
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Appendix F
Linguistic stimuli for Experiment 3
Ambiguity sentences and controls:
Condition
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control

Sentence
One of the cameramen ignored filmed a beautiful shot of the sunset.
One of the sightseers had filmed a beautiful shot of the sunset.
Some of the senators endorsed promoted an old idea of justice.
Some of the officials had promoted an old idea of justice.
Some of the analysts ridiculed resented a silly comment by colleagues.
Some of the doctors had resented a silly comment by colleagues.
One of the detectives overlooked demanded a large car for their squad.
One of the troopers had demanded a large car for their squad.
Some of the interns neglected revealed a big problem with the treatment.
Some of the scientists had revealed a big problem with the treatment.
One of the athletes disregarded sued a head coach on the team.
One of the volunteers had sued a head coach on the team.
One of the assistants hated disobeyed a normal procedure for testing.
One of the teachers had disobeyed a normal procedure for testing.
Some of the spies implanted noticed a big leak in communication.
Some of the clerks had noticed a big leak in communication.
One of the leaders despised attended an important meeting of executives.
One of the publicists had attended an important meeting of executives.
One of the attorneys resented ignored a key witness in the case.
One of the reporters had ignored a key witness in the case.
One of the performers criticized destroyed a valuable piano on stage.
One of the janitors had destroyed a valuable piano on stage.
Some of the employees trained tested a new type of fabric.
Some of the designers had tested a new type of fabric.
One of the candidates liked proved a good point about taxes.
One of the residents had proved a good point about taxes.
Some of the electricians provided demonstrated a good use of their skills.
Some of the advocates had demonstrated a good use of their skills.
Some of the jurors questioned doubted a crucial piece of the testimony.
Some of the experts had doubted a crucial piece of the testimony.
Some of the inmates detained created a real problem for the program.
Some of the youths had created a real problem for the program.
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Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control
Ambiguity
Control

Some of the executives challenged negotiated a big change in wages.
Some of the brokers had negotiated a big change in wages.
Some of the trustees disliked violated an important part of the contract.
Some of the managers had violated an important part of the contract.
One of the journalists defended provided a new look at democracy.
One of the lawmakers had provided a new look at democracy.
Some of the lobbyists denounced bribed a high official with cash.
Some of the scholars had bribed a high official with cash.
Some of the fugitives pursued discovered a new strategy for survival.
Some of the explorers had discovered a new strategy for survival.
One of the youngsters located walked a direct path back home.
One of the hikers had walked a direct path back home.
One of the bankers coerced dropped a severe charge against the suspect.
One of the cops had dropped a severe charge against the suspect.
Some of the competitors supported promised a new level of productivity.
Some of the workers had promised a new level of productivity.
One of the policemen attacked concealed a grave error in judgment.
One of the surgeons had concealed a grave error in judgment.
One of the prisoners investigated evaded a delicate issue about money.
One of the guests had evaded a delicate issue about money.
Some of the petitioners rejected waited a whole year for an investigation.
Some of the victims had waited a whole year for an investigation.
One of the activists opposed filed a big suit against the government.
One of the sailors had filed a big suit against the government.
Some of the owners distrusted controlled a large part of the market.
Some of the builders had controlled a large part of the market.
One of the salesmen avoided followed a bad piece of advice.
One of the neurologists had followed a bad piece of advice.
One of the butlers recognized shoved a heavy coat in the closet.
One of the actors had shoved a heavy coat in the closet.
Some of the farmers admired discussed an ominous forecast about extreme heat.
Some of the parents had discussed an ominous forecast about extreme heat.
One of the customers dismissed pushed a shopping cart out the store.
One of the babysitters had pushed a shopping cart out the store.
Some of the debaters feared reviewed a second draft of the speech.
Some of the writers had reviewed a second draft of the speech.
One of the families swindled purchased a wooden table with chairs.
One of the painters had purchased a wooden table with chairs.
Some of the children cherished played a new game during recess.
Some of the students had played a new game during recess.
One of the grocers valued chopped a green apple for a snack.
One of the cooks had chopped a green apple for a snack.
Some of the teenagers requested watched a midnight premiere of the movie.
Some of the fans had watched a midnight premiere of the movie.
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Ambiguity
Control
Ambiguity
Control

One of the handymen recommended fixed a tough clog in the plumbing.
One of the neighbors had fixed a tough clog in the plumbing.
Some of the professionals envied baked a beautiful cake with fruit.
Some of the chefs had baked a beautiful cake with fruit.

Violation sentences and controls:
Grammaticality
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical

Condition
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical

Sentence
The agent with the new office is hiring a few more
workers.
The agent with the new office are hiring a few more
workers.
The agent with the new offices is hiring a few more
workers.
The agent with the new offices are hiring a few more
workers.
The applicant for the government scholarship is very
studious and dedicated.
The applicant for the government scholarship are very
studious and dedicated.
The applicant for the government scholarships is very
studious and dedicated.
The applicant for the government scholarships are very
studious and dedicated.
The architect for the new building is very creative and
visionary.
The architect for the new building are very creative and
visionary.
The architect for the new buildings is very creative and
visionary.
The architect for the new buildings are very creative and
visionary.
The artist with the beautiful sculpture is very talented and
hardworking.
The artist with the beautiful sculpture are very talented
and hardworking.
The artist with the beautiful sculptures is very talented
and hardworking.
The artist with the beautiful sculptures are very talented
and hardworking.
The baby with the fun toy is smiling and laughing.
The baby with the fun toy are smiling and laughing.
The baby with the fun toys is smiling and laughing.
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Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical

Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular

The baby with the fun toys are smiling and laughing.
The baker with the tasty recipe is interested in opening a
restaurant.
The baker with the tasty recipe are interested in opening
a restaurant.
The baker with the tasty recipes is interested in opening a
restaurant.
The baker with the tasty recipes are interested in opening
a restaurant.
The broadcaster with the prestigious degree is very
productive and outgoing.
The broadcaster with the prestigious degree are very
productive and outgoing.
The broadcaster with the prestigious degrees is very
productive and outgoing.
The broadcaster with the prestigious degrees are very
productive and outgoing.
The caretaker for the large family is paid an hourly rate.
The caretaker for the large family are paid an hourly rate.
The caretaker for the large families is paid an hourly rate.
The caretaker for the large families are paid an hourly
rate.
The chauffeur with the flat tire is driving slowly around
the bend.
The chauffeur with the flat tire are driving slowly around
the bend.
The chauffeur with the flat tires is driving slowly around
the bend.
The chauffeur with the flat tires are driving slowly
around the bend.
The chemist with the test tube is highly educated and
articulate.
The chemist with the test tube are highly educated and
articulate.
The chemist with the test tubes is highly educated and
articulate.
The chemist with the test tubes are highly educated and
articulate.
The climber with the red harness is against eating meat.
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Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical

Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical

The climber with the red harness are against eating meat.
The climber with the red harnesses is against eating
meat.
The climber with the red harnesses are against eating
meat.
The columnist with the leather briefcase is writing a
story.
The columnist with the leather briefcase are writing a
story.
The columnist with the leather briefcases is writing a
story.
The columnist with the leather briefcases are writing a
story.
The comedian from the blockbuster movie is writing a
script.
The comedian from the blockbuster movie are writing a
script.
The comedian from the blockbuster movies is writing a
script.
The comedian from the blockbuster movies are writing a
script.
The commander of the big platoon is great at leading the
crew.
The commander of the big platoon are great at leading
the crew.
The commander of the big platoons is great at leading the
crew.
The commander of the big platoons are great at leading
the crew.
The dancer in the Broadway show is really graceful on
stage.
The dancer in the Broadway show are really graceful on
stage.
The dancer in the Broadway shows is really graceful on
stage.
The dancer in the Broadway shows are really graceful on
stage.
The director of the upcoming movie is fashionably
dressed this morning.
The director of the upcoming movie are fashionably
dressed this morning.
The director of the upcoming movies is fashionably
dressed this morning.
The director of the upcoming movies are fashionably
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Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical

Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular

dressed this morning.
The diver with the sea shell is wearing flippers and a
wetsuit.
The diver with the sea shell are wearing flippers and a
wetsuit.
The diver with the sea shells is wearing flippers and a
wetsuit.
The diver with the sea shells are wearing flippers and a
wetsuit.
The gardener with the corn field is planting seeds
tomorrow.
The gardener with the corn field are planting seeds
tomorrow.
The gardener with the corn fields is planting seeds
tomorrow.
The gardener with the corn fields are planting seeds
tomorrow.
The buyer of the beautiful portrait is obsessed with rare
art.
The buyer of the beautiful portrait are obsessed with rare
art.
The buyer of the beautiful portraits is obsessed with rare
art.
The buyer of the beautiful portraits are obsessed with
rare art.
The instructor with the special certificate is loved by
everyone.
The instructor with the special certificate are loved by
everyone.
The instructor with the special certificates is loved by
everyone.
The instructor with the special certificates are loved by
everyone.
The interviewer with the digital recorder is good at
writing.
The interviewer with the digital recorder are good at
writing.
The interviewer with the digital recorders is good at
writing.
The interviewer with the digital recorders are good at
writing.
The judge for the recent trial is writing a book.
The judge for the recent trial are writing a book.

201

Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical

Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical

The judge for the recent trials is writing a book.
The judge for the recent trials are writing a book.
The carpenter with the heavy hammer is really lazy
today.
The carpenter with the heavy hammer are really lazy
today.
The carpenter with the heavy hammers is really lazy
today.
The carpenter with the heavy hammers are really lazy
today.
The lawyer with the sports car is really wealthy and
successful.
The lawyer with the sports car are really wealthy and
successful.
The lawyer with the sports cars is really wealthy and
successful..
The lawyer with the sports cars are really wealthy and
loves racing.
The maid for the small hotel is washing the towels.
The maid for the small hotel are washing the towels.
The maid for the small hotels is washing the towels.
The maid for the small hotels are washing the towels.
The mayor at the planning meeting is very charismatic
and convincing.
The mayor at the planning meeting are very charismatic
and convincing.
The mayor at the planning meetings is very charismatic
and convincing.
The mayor at the planning meetings are very charismatic
and convincing.
The model for the designer dress is very tall and
photogenic.
The model for the designer dress are very tall and
photogenic.
The model for the designer dresses is very tall and
photogenic.
The model for the designer dresses are very tall and
photogenic.
The musician with the expensive guitar is on tour with
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Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical

Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural

the band.
The musician with the expensive guitar are on tour with
the band.
The musician with the expensive guitars is on tour with
the band.
The musician with the expensive guitars are on tour with
the band.
The boss with the important announcement is bad at
public speaking.
The boss with the important announcement are bad at
public speaking.
The boss with the important announcements is bad at
public speaking.
The boss with the important announcements are bad at
public speaking.
The pilot of the new airplane is sleep deprived and
yawning.
The pilot of the new airplane are sleep deprived and
yawning.
The pilot of the new airplanes is sleep deprived and
yawning.
The pilot of the new airplanes are sleep deprived and
yawning.
The politician at the fundraising meeting is known for
giving moving speeches.
The politician at the fundraising meeting are known for
giving moving speeches.
The politician at the fundraising meetings is known for
giving moving speeches.
The politician at the fundraising meetings are known for
giving moving speeches.
The priest for the rural church is friendly and kind.
The priest for the rural church are friendly and kind.
The priest for the rural churches is friendly and kind.
The priest for the rural churches are friendly and kind.
The producer of the Hollywood film is very arrogant and
loud.
The producer of the Hollywood film are very arrogant
and loud.
The producer of the Hollywood films is very arrogant
and loud.
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Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical

Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical

The producer of the Hollywood films are very arrogant
and loud.
The protestor against the government policy is very
negative and persuasive.
The protestor against the government policy are very
negative and persuasive.
The protestor against the government policies is very
negative and persuasive.
The protestor against the government policies are very
negative and persuasive.
The psychologist with the important finding is getting
tenure next year.
The psychologist with the important finding are getting
tenure next year.
The psychologist with the important findings is getting
tenure next year.
The psychologist with the important findings are getting
tenure next year.
The editor of the history book is very critical about
grammar.
The editor of the history book are very critical about
grammar.
The editor of the history books is very critical about
grammar.
The editor of the history books are very critical about
grammar.
The representative of the new union is persuasive and
well spoken.
The representative of the new union are persuasive and
well spoken.
The representative of the new unions is persuasive and
well spoken.
The representative of the new unions are persausive and
well spoken.
The soldier with the peacekeeping force is heroic and
selfless.
The soldier with the peacekeeping force are heroic and
selfless.
The soldier with the peacekeeping forces is heroic and
selfless.
The soldier with the peacekeeping forces are heroic and
selfless.
The suitor with the beautiful rose is wearing strong
cologne.
The suitor with the beautiful rose are wearing strong
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Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical

Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural

cologne.
The suitor with the beautiful roses is wearing strong
cologne.
The suitor with the beautiful roses are wearing strong
cologne.
The star of the Broadway musical is great at singing.
The star of the Broadway musical are great at singing.
The star of the Broadway musicals is great at singing.
The star of the Broadway musicals are great at singing.
The astronaut in the sci-fi book was described as
thoughtful.
The astronaut in the sci-fi book were described as
thoughtful.
The astronaut in the sci-fi books was described as
thoughtful.
The astronaut in the sci-fi books were described as
thoughtful.
The author of the bestselling novel was suffering from
writer's block.
The author of the bestselling novel were suffering from
writer's block.
The author of the bestselling novels was suffering from
writer's block.
The author of the bestselling novels were suffering from
writer's block.
The barber with the green comb was in a good mood.
The barber with the green comb were in a good mood.
The barber with the green combs was in a good mood.
The barber with the green combs were in a good mood.
The businessman with the large office was trying to
increase their profits.
The businessman with the large office were trying to
increase their profits.
The businessman with the large offices was trying to
increase their profits.
The businessman with the large offices were trying to
increase their profits.
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The cashier at the clothing boutique was severely
underpaid and unhappy.
The cashier at the clothing boutique were severely
underpaid and unhappy.
The cashier at the clothing boutiques was severely
underpaid and unhappy.
The cashier at the clothing boutiques were severely
underpaid and unhappy.
The inventor with the corporate contract was calling a
client.
The inventor with the corporate contract were calling a
client.
The inventor with the corporate contracts was calling a
client.
The inventor with the corporate contracts were calling a
client.
The composer of the modern opera was signing
autographs yesterday.
The composer of the modern opera were signing
autographs yesterday.
The composer of the modern operas was signing
autographs yesterday.
The composer of the modern operas were signing
autographs yesterday.
The congressman on the finance committee was visiting
family.
The congressman on the finance committee were visiting
family.
The congressman on the finance committees was visiting
family.
The congressman on the finance committees were
visiting family.
The consultant for the growing firm was giving a lecture.
The consultant for the growing firm were giving a
lecture.
The consultant for the growing firms was giving a
lecture.
The consultant for the growing firms were giving a
lecture.
The counselor with the important case was working late
yesterday.
The counselor with the important case were working late
yesterday.
The counselor with the important cases was working late
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yesterday.
The counselor with the important cases were working
late yesterday.
The courier with the diplomat's message was learning
French for fun.
The courier with the diplomat's message were learning
French for fun.
The courier with the diplomat's messages was learning
French for fun.
The courier with the diplomat's messages were learning
French for fun.
The curator of the art exhibit was eating lunch at a
restaurant.
The curator of the art exhibit were eating lunch at a
restaurant.
The curator of the art exhibits was eating lunch at a
restaurant.
The curator of the art exhibits were eating lunch at a
restaurant.
The custodian with the rusty key was drinking coffee to
stay awake.
The custodian with the rusty key were drinking coffee to
stay awake.
The custodian with the rusty keys was drinking coffee to
stay awake.
The custodian with the rusty keys were drinking coffee to
stay awake.
The demonstrator at the political rally was shouting
passionately to the crowd.
The demonstrator at the political rally were shouting
passionately to the crowd.
The demonstrator at the political rallies was shouting
passionately to the crowd.
The demonstrator at the political rallies were shouting
passionately to the crowd.
The developer with the improved product was expanding
into new markets.
The developer with the improved product were
expanding into new markets.
The developer with the improved products was
expanding into new markets.
The developer with the improved products were
expanding into new markets.
The engineer at the power plant was responsible for
safety.
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The engineer at the power plant were responsible for
safety.
The engineer at the power plants was responsible for
safety.
The engineer at the power plants were responsible for
safety.
The firefighter outside the apartment building was very
brave tonight.
The firefighter outside the apartment building were very
brave tonight.
The firefighter outside the apartment buildings was very
brave tonight.
The firefighter outside the apartment buildings were very
brave tonight.
The governor of the ancient city was brave during the
battle.
The governor of the ancient city were brave during the
battle.
The governor of the ancient cities was brave during the
battle.
The governor of the ancient cities were brave during the
battle.
The humanitarian in the African village was returning to
the US.
The humanitarian in the African village were returning to
the US.
The humanitarian in the African villages was returning to
the US.
The humanitarian in the African villages were returning
to the US.
The investigator of the recent crime was uncovering new
details.
The investigator of the recent crime were uncovering
new details.
The investigator of the recent crimes was uncovering
new details.
The investigator of the recent crimes were uncovering
new details.
The magician with the card trick was great with kids.
The magician with the card trick were great with kids.
The magician with the card tricks was great with kids.
The magician with the card tricks were great with kids.
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The mechanic for the repair shop was late to work
yesterday.
The mechanic for the repair shop were late to work
yesterday.
The mechanic for the repair shops was late to work
yesterday.
The mechanic for the repair shops were late to work
yesterday.
The entertainer at the popular nightclub was talented at
the piano.
The entertainer at the popular nightclub were talented at
the piano.
The entertainer at the popular nightclubs was talented at
the piano.
The entertainer at the popular nightclubs were talented at
the piano.
The officer in the furious battle was badly injured from
an explosion.
The officer in the furious battle were badly injured from
an explosion.
The officer in the furious battles was badly injured from
an explosion.
The officer in the furious battles were badly injured from
an explosion.
The president in the news report was running for reelection.
The president in the news report were running for reelection.
The president in the news reports was running for reelection.
The president in the news reports were running for reelection.
The professor of the physics class was very intelligent
and enthusiastic.
The professor of the physics class were very intelligent
and enthusiastic.
The professor of the physics classes was very intelligent
and enthusiastic.
The professor of the physics classes were very intelligent
and enthusiastic.
The programmer of the software upgrade was coding all
night yesterday.
The programmer of the software upgrade were coding all
night yesterday.
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The programmer of the software upgrades was coding all
night yesterday.
The programmer of the software upgrades were coding
all night yesterday.
The proprietor of the Italian restaurant was at work all
night.
The proprietor of the Italian restaurant were at work all
night.
The proprietor of the Italian restaurants was at work all
night.
The proprietor of the Italian restaurants were at work all
night.
The researcher with the amazing discovery was
interested in chemistry.
The researcher with the amazing discovery were
interested in chemistry.
The researcher with the amazing discoveries was
interested in chemistry.
The researcher with the amazing discoveries were
interested in chemistry.
The runner in the long race was also great at sprinting.
The runner in the long race were also great at sprinting.
The runner in the long races was also great at sprinting.
The runner in the long races were also great at sprinting.
The speaker at the crowded meeting was very tall and
attractive.
The speaker at the crowded meeting were very tall and
attractive.
The speaker at the crowded meetings was very tall and
attractive.
The speaker at the crowded meetings were very tall and
attractive
The spectator at the tennis match was enjoying the match
greatly.
The spectator at the tennis match were enjoying the
match greatly.
The spectator at the tennis matches was enjoying the
match greatly.
The spectator at the tennis matches were enjoying the
match greatly.
The swimmer in the Olympic event was in excellent
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shape.
The swimmer in the Olympic event were in excellent
shape.
The swimmer in the Olympic events was in excellent
shape.
The swimmer in the Olympic events were in excellent
shape.
The technician with the broken television was going to
work.
The technician with the broken television were going to
work.
The technician with the broken televisions was going to
work.
The technician with the broken televisions were going to
work.
The thief with the diamond bracelet was arrested
yesterday afternoon.
The thief with the diamond bracelet were arrested
yesterday afternoon.
The thief with the diamond bracelets was arrested
yesterday afternoon.
The thief with the diamond bracelets were arrested
yesterday afternoon.
The tourist with the expensive camera was enjoying the
play.
The tourist with the expensive camera were enjoying the
play.
The tourist with the expensive cameras was enjoying the
play.
The tourist with the expensive cameras were enjoying the
play.
The undergraduate with the top grade was praised by the
dean.
The undergraduate with the top grade were praised by the
dean.
The undergraduate with the top grades was praised by the
dean.
The undergraduate with the top grades were praised by
the dean.
The waiter with the hot dish was working hard last night.
The waiter with the hot dish were working hard last
night.
The waiter with the hot dishes was working hard last
night.
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The waiter with the hot dishes were working hard last
night.
The woodworker with the rocking chair was also
building a bookshelf.
The woodworker with the rocking chair were also
building a bookshelf.
The woodworker with the rocking chairs was also
building a bookshelf.
The woodworker with the rocking chairs were also
building a bookshelf.
The zookeeper with the big shovel was cleaning the cage.
The zookeeper with the big shovel were cleaning the
cage.
The zookeeper with the big shovels was cleaning the
cage.
The zookeeper with the big shovels were cleaning the
cage.
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Sentence
The pharmacists at the drug store are taking their lunch
break.
The pharmacists at the drug store is taking their lunch
break.
The pharmacists at the drug stores are taking their lunch
break.
The pharmacists at the drug stores is taking their lunch
break.
The nurses at the city hospital are busy with patients.
The nurses at the city hospital is busy with patients.
The nurses at the city hospitals are busy with patients.
The nurses at the city hospitals is busy with patients.
The friends by the shiny motorcycle are taking photos of
themselves.
The friends by the shiny motorcycle is taking photos of
themselves.
The friends by the shiny motorcycles are taking photos of
themselves.
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The friends by the shiny motorcycles is taking photos of
themselves.
The bullies of the quiet kid are on the playground.
The bullies of the quiet kid is on the playground.
The bullies of the quiet kids are on the playground.
The bullies of the quiet kids is on the playground.
The roommates in the tiny apartment are having a dinner
party.
The roommates in the tiny apartment is having a dinner
party.
The roommates in the tiny apartments are having a
dinner party.
The roommates in the tiny apartments is having a dinner
party.
The veterinarians from the small clinic are excited about
all animals.
The veterinarians from the small clinic is excited about
all animals.
The veterinarians from the small clinics are excited about
all animals.
The veterinarians from the small clinics is excited about
all animals.
The stylists for the rock band are extremely
knowledgable of fashion.
The stylists for the rock band is extremely knowledgable
of fashion.
The stylists for the rock bands are extremely
knowledgable of fashion.
The stylists for the rock bands is extremely
knowledgable of fashion.
The veterans from the past war are receiving an award
tomorrow.
The veterans from the past war is receiving an award
tomorrow.
The veterans from the past wars are receiving an award
tomorrow.
The veterans from the past wars is receiving an award
tomorrow.
The witnesses of the grizzly accident are wondering if
everyone is okay.
The witnesses of the grizzly accident is wondering if
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everyone is okay.
The witnesses of the grizzly accidents are wondering if
everyone is okay.
The witnesses of the grizzly accidents is wondering if
everyone is okay.
The therapists with the private practice were in the same
doctoral program.
The therapists with the private practice was in the same
doctoral program.
The therapists with the private practices were in the same
doctoral program.
The therapists with the private practices was in the same
doctoral program.
The wrestlers at the high school were competing this
weekend.
The wrestlers at the high school was competing this
weekend.
The wrestlers at the high schools were competing this
weekend.
The wrestlers at the high schools was competing this
weekend.
The biologists in the lecture hall were excited to teach
cell reproduction.
The biologists in the lecture hall was excited to teach cell
reproduction.
The biologists in the lecture halls were excited to teach
cell reproduction.
The biologists in the lecture halls was excited to teach
cell reproduction.
The trainers at the local gym were very athletic in
college.
The trainers at the local gym was very athletic in college.
The trainers at the local gyms were very athletic in
college.
The trainers at the local gyms was very athletic in
college.
The advisors for the graduting class were great at their
job.
The advisors for the graduting class was great at their
job.
The advisors for the graduting classes were great at their
job.
The advisors for the graduting classes was great at their
job.
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The ushers at the movie theatre were bored during their
shift.
The ushers at the movie theatre was bored during their
shift.
The ushers at the movie theatres were bored during their
shift.
The ushers at the movie theatres was bored during their
shift.
The librarians at the small university were excited about
the new library.
The librarians at the small university was excited about
the new library.
The librarians at the small universities were excited
about the new library.
The librarians at the small universities was excited about
the new library.
The singers in the school chorus were considering
studying music at college.
The singers in the school chorus was considering
studying music at college.
The singers in the school choruses were considering
studying music at college.
The singers in the school choruses was considering
studying music at college.
The travelers on the night train were backpacking across
Europe.
The travelers on the night train was backpacking across
Europe.
The travelers on the night trains were backpacking across
Europe.
The travelers on the night trains was backpacking across
Europe.
The guides for the mountain trail were in extremely good
shape.
The guides for the mountain trail was in extremely good
shape.
The guides for the mountain trails were in extremely
good shape.
The guides for the mountain trails was in extremely good
shape.
The bicyclists at the elite race were nervous about
crashing and falling.
The bicyclists at the elite race was nervous about
crashing and falling.
The bicyclists at the elite races were nervous about
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crashing and falling.
The bicyclists at the elite races was nervous about
crashing and falling.
The drummers in the marching band are practicing late at
night.
The drummers in the marching band is practicing late at
night.
The drummers in the marching bands are practicing late
at night.
The drummers in the marching bands is practicing late at
night.
The conductors at the music festival are working with a
youth orchestra.
The conductors at the music festival is working with a
youth orchestra.
The conductors at the music festivals are working with a
youth orchestra.
The conductors at the music festivals is working with a
youth orchestra.
The clowns at the neighborhood party are known for
making balloon animals.
The clowns at the neighborhood party is known for
making balloon animals.
The clowns at the neighborhood parties are known for
making balloon animals.
The clowns at the neighborhood parties is known for
making balloon animals.
The dentists in the city center are stuck in traffic again.
The dentists in the city center is stuck in traffic again.
The dentists in the city centers are stuck in traffic again.
The dentists in the city centers is stuck in traffic again.
The gymnasts for the college team are on a strict training
schedule.
The gymnasts for the college team is on a strict training
schedule.
The gymnasts for the college teams are on a strict
training schedule.
The gymnasts for the college teams is on a strict training
schedule.
The pitchers with the curve ball are warming up in the
bullpen.
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The pitchers with the curve ball is warming up in the
bullpen.
The pitchers with the curve balls are warming up in the
bullpen.
The pitchers with the curve balls is warming up in the
bullpen.
The medics at the crime scene are helping the victim.
The medics at the crime scene is helping the victim.
The medics at the crime scenes are helping the victim.
The medics at the crime scenes is helping the victim.
The physicians at the town clinic are from New York
City.
The physicians at the town clinic is from New York City.
The physicians at the town clinics are from New York
City.
The physicians at the town clinics is from New York
City.
The astronomers at the local university are watching the
meteor shower.
The astronomers at the local university is watching the
meteor shower.
The astronomers at the local universities are watching the
meteor shower.
The astronomers at the local universities is watching the
meteor shower.
The plumbers for the campus dorm were busy
unclogging drains.
The plumbers for the campus dorm was busy unclogging
drains.
The plumbers for the campus dorms were busy
unclogging drains.
The plumbers for the campus dorms was busy
unclogging drains.
The translators at the publishing company were
challenged by the project.
The translators at the publishing company was
challenged by the project.
The translators at the publishing companies were
challenged by the project.
The translators at the publishing companies was
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Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular

challenged by the project.
The guards outside the government building were stoic
yet attentive.
The guards outside the government building was stoic
yet attentive.
The guards outside the government buildings were stoic
yet attentive.
The guards outside the government buildings was stoic
yet attentive.
The receptionists at the law firm were organizing a work
outing.
The receptionists at the law firm was organizing a work
outing.
The receptionists at the law firms were organizing a work
outing.
The receptionists at the law firms was organizing a work
outing.
The archaeologists on the dinosaur dig were hoping to
make a discovery.
The archaeologists on the dinosaur dig was hoping to
make a discovery.
The archaeologists on the dinosaur digs were hoping to
make a discovery.
The archaeologists on the dinosaur digs was hoping to
make a discovery.
The bartenders at the popular club were preparing for a
busy shift.
The bartenders at the popular club was preparing for a
busy shift.
The bartenders at the popular clubs were preparing for a
busy shift.
The bartenders at the popular clubs was preparing for a
busy shift.
The landlords in the college town were raising the rent.
The landlords in the college town was raising the rent.
The landlords in the college towns were raising the rent.
The landlords in the college towns was raising the rent.
The burglars of the quiet neighborhood were caught by
the cops.
The burglars of the quiet neighborhood was caught by
the cops.
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Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical
Grammatical
Ungrammatical

Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural
Grammatical
Singular
Ungrammatical
Singular
Grammatical
Plural
Ungrammatical
Plural

The burglars of the quiet neighborhoods were caught by
the cops.
The burglars of the quiet neighborhoods was caught by
the cops.
The coaches of the softball team were ready for the new
season.
The coaches of the softball team was ready for the new
season.
The coaches of the softball teams were ready for the new
season.
The coaches of the softball teams was ready for the new
season.
The fiddlers in the bluegrass group were also great at
singing.
The fiddlers in the bluegrass group was also great at
singing.
The fiddlers in the bluegrass groups were also great at
singing.
The fiddlers in the bluegrass groups was also great at
singing.
The historians at the famous museum were putting
together a report.
The historians at the famous museum was putting
together a report.
The historians at the famous museums were putting
together a report.
The historians at the famous museums was putting
together a report.
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Appendix G
Analyses comparing the effect of singular and plural attractor nouns on syntactic
processing of violations in language
The critical violation sentences in the present study featured subject noun phrases
that contained two nouns (“The agent with the new offices…”), where the attractor noun
was either singular (“The agent with the new office are hiring a few more workers”) or
plural (*“The agent with the new offices are hiring a few more workers”). Research has
observed that attraction errors between the attractor noun and verb are more likely when
the head noun and attractor noun differ in number as compared to when the head noun
and attractor noun match (e.g., Bock & Miller, 1991). In particular, attraction errors
appear to be asymmetrical, such that attraction errors are more common with plural
attractor nouns as compared to singular attractor nouns (e.g., Bock & Miller, 1991; Bock
& Cutting, 1993; Bock & Eberhard, 1993). In ERP studies, this asymmetrical effect has
been manifested as a reduction in the amplitude of the P600 effect for plural attractor
nouns as compared to singular attractor nouns, suggesting that verb agreement errors are
less difficult to process with the plural attractor nouns than singular attractor nouns (e.g.,
Kaan, 2002; Tanner, Nicol, & Brehm, 2014).
To examine whether there was an asymmetrical attraction effect in response to the
grammatical violation sentences with singular attractor nouns and those with plural
attractor nouns in the present study, we conducted separate analyses for the mean
amplitudes in the 300-500 and 500-800 ms time windows for the two pairs of violation
and control sentences. ERP data for the violations of the singular attractor nouns were
compared with the ERP data for its grammatical control (i.e., ungrammatical sentences
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with a singular subject, singular attractor noun, and plural auxiliary verb vs. grammatical
sentences with a singular subject, singular attractor noun, and singular auxiliary verb).
ERP data for the violations of the plural attractor nouns were compared with the ERP
data for its grammatical control (i.e., ungrammatical sentences with a singular subject,
plural attractor noun, and plural auxiliary verb vs. grammatical sentences with a singular
subject, plural attractor noun, and singular auxiliary verb).

Singular attractor nouns
Grand mean waveforms for the auxiliary verbs used in the violation sentences of
the singular attractor nouns and in the control sentences are plotted in Figure 1-1. Fstatistics from the grand average ANOVAs on mean amplitudes are reported in Table 1-1.
Visually, there was no difference between the two conditions in the 300-500 ms time
window, which was confirmed by statistical analyses. The 2 Condition x 3 Electrode Site
ANOVA did not reveal a significant main effect of Condition, Electrode Site or an
interaction involving Condition (all p’s > .10). The 2 Condition x 2 Anteriority x 2
Laterality revealed a marginally significant main effect Anteriority (F(1, 11) = 4.532, p =
.057). The ANOVA did not reveal any other significant main effects or any significant
interactions (all p’s > .10).
Visually, there was a posterior positivity between the two conditions in the 500800 ms time window, which was confirmed by statistical analyses. The 2 Condition x 3
Electrode Site ANOVA revealed a significant effect of Electrode Site (F(2, 22) = 4.846, p
= .018). Pairwise comparisons revealed that the mean amplitude for Pz was significantly
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more positive (M = 2.963 µV; SD = 1) as compared to Fz (M = 1.645 µV; SD = 2; p =
.042) and Cz (M = 2.341 µV; SD = 1; p = .038). The effect of Condition was marginally
significant (F(1, 11) = 4.003, p = .071). The interaction was not significant (p > .10). The
2 Condition x 2 Anteriority x 2 Laterality ANOVA revealed a marginally significant
effect of Condition (F(1, 11) = 3.673, p = .082). The Condition x Laterality interaction
was also marginally significant (F(1, 11) = 4.249, p = .064). The 2 Condition x 2
Anteriority x 2 Laterality ANOVA did not reveal significant main effects for Anteriority,
or Laterality or any significant interactions (all p’s > .10).

Figure 1-1: Grand mean waveforms for violations of singular attractor nouns (solid line)
and control sentences (dashed line).
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Table 1-1: F-statistics from the grand average ANOVAs on mean amplitudes for the
singular attractor noun violations in the language violation condition.
Midline
Violation
LV × Elec.

df

300–500 ms

500–800 ms

1, 11
2, 22

<1
<1

4.003
1.388

Lateral
Violation
1, 11
1.058
3.673
LV × AP
1, 11
<1
1.922
LV × Lat.
1, 11
<1
4.249
LV × AP × Lat.
1, 11
<1
2.522
Notes. LV = Language violation (violation, correct); Elec. = Electrode site; AP =
Anteriority; Lat. = Laterality; df = degrees of freedom. * p < .05; *** p < .001.

Plural attractor nouns
Grand mean waveforms for the auxiliary verbs used in the violation sentences of
the plural attractor nouns and in the control sentences are plotted in Figure 1-2. Fstatistics from the grand average ANOVAs on mean amplitudes are reported in Table 1-2.
Visually, there was no difference between the two conditions in the 300-500 ms time
window, which was confirmed by statistical analyses. The 2 Condition x 3 Electrode Site
ANOVA revealed a significant Condition x Electrode Site interaction (F(2, 22) = 5.289, p
= .018). Follow-up analyses revealed that the effect of Condition was only significant for
the violation sentences (F(2, 33) = 4.202, p = .024) and not the control sentences (p >
.10). Bonferroni post-hoc analyses for violation sentences revealed that Pz (M = 3.33 µV;
SD = 2) was significantly more positive than Fz (M = 1.38 µV; SD = 2; p = .020). No
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other differences were significant. The main effects of Midline and Electrode Site were
not significant (all p’s > .10). The 2 Condition x 2 Anteriority x 2 Laterality ANOVA
revealed a marginally significant Condition x Anteriority interaction (F(1, 11) = 3.676, p
= .082). The ANOVA did not reveal any significant main effects or interactions (all p’s >
.10).
Visually, there was no difference between the two conditions in the 500-800 ms
time window, which was confirmed by statistical analyses. The 2 Condition x 3 Electrode
Site ANOVA revealed a marginally significant effect of Electrode Site (F(2, 22) = 3.173,
p = .062). The Condition x Electrode Site interaction was marginally significant (F(2, 22)
= 3.300, p = .056). The main effect of Condition was not significant (p > .10). The 2
Condition x 2 Anteriority x 2 Laterality ANOVA revealed a marginally significant
Condition x Anteriority interaction (F(1, 11) = 3.387, p = .093). The ANOVA did not
reveal any significant main effects of Condition, Anteriority or Laterality (all p’s > .10).
The ANOVA did not reveal any significant interactions (all p’s > .10).
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Figure 1-2: Grand mean waveforms for violations of plural attractor nouns (solid line)
and control sentences (dashed line).

Table 1-2: F-statistics from the grand average ANOVAs on mean amplitudes for the
plural attractor noun violations in the language violation condition.
Midline
Violation
LV × Elec.

df

300–500 ms

500–800 ms

1, 11
2, 22

<1
5.289*

<1
3.300

Lateral
Violation
1, 11
<1
<1
LV × AP
1, 11
3.676
3.387
LV × Lat.
1, 11
<1
1.750
LV × AP × Lat.
1, 11
<1
<1
Notes. LV = Language violation (violation, correct); Elec. = Electrode site; AP =
Anteriority; Lat. = Laterality; df = degrees of freedom. * p < .05; *** p < .001.
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Overall, we observed an asymmetrical attraction effect such that the effect of
Condition was present for the violations of the singular attractor nouns and not for the
plural attractor nouns. This finding indicates that the P600 observed in the overall
analyses described earlier were driven by violation sentences with the singular attractor
nouns. These findings are in line with previous studies reporting reduced amplitudes for
subject-verb agreements with plural attractor nouns as compared to subject-verb
agreements with singular attractor nouns.
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