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Abstract 

A fundamental question in early language acquisition concerns how young children learn 

new words despite often hearing them in visually complex and noisy environments. One 

potential mechanism that has emerged in recent years is "cross-situational" learning, which refers 

to young children's ability to track word-object co-occurrences across several ambiguous naming 

instances to learn new words. Often in cross-situational learning studies young children's 

learning is assessed using their eye-gaze and pointing behaviors in response to a forced-choice 

comprehension question (e.g., “can you point to the bosa?”). Although these testing procedures 

reveal that some learning has occurred because of the cross-situational exposure, they are not 

informative about the nature of the word representations underlying that learning.  

In the current research, 4-year-olds first learned eight new word-object pairs in a cross-

situational task and then had their event-related potentials (ERPs) recorded in a picture-word 

matching paradigm. In this task, pictures of objects were followed by words that were either 

associated with the object during training or with a different object. If participants learned the 

word-object associations, then when these were violated during test, I expected to see 

modulations of ERP components in early stages of word processing. If participants assigned 

meaning to the words, then I expected to see the early differences as well as differences on the 

later N400 component of the waveform, a negative peak at approximately 400 msec that indexes 

violation in meaning.  

The ERP findings suggest that, (1) young children encoded the new word-object pairs 

and assigned meaning to the new words when they experienced familiar object labeling before 

training; (2) young children were less likely to assign meaning to the new words when they did 

not experience familiar object labeling before training; and (3) there is preliminary evidence that 
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while not all children learned well without a familiarization routine, those that did showed 

evidence of forming semantic representation for the new word meanings. I discuss the 

implications of these findings for the study of the cross-situational learning and for broader 

theories of early word learning. 
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Chapter 1: Introduction 

1.1. Aims 

This thesis aims to use the event-related brain potentials (ERP) method to provide a fine-

grained analysis of what 4-year-olds learn when new word-object pairs are taught in a 

computerized, "cross-situational" statistical learning task. In a typical version of this task young 

children see a series of training trials (e.g., 16 trials) each presenting two pictures of novel 

objects and two pre-recorded novel words produced by an absent speaker. On each trial there is 

ambiguity about which word corresponds with which object, but across trials the same word 

always co-occurs with the same object. Thus, children can learn the association between the 

words and objects if they engage domain-general statistical learning mechanisms (i.e., learning 

mechanisms that are not specific to the domain of language) on these regularities. Often young 

children's learning of the word-object associations is assessed via behavioral comprehension 

measures. For instance, shortly after training children see a target object and a distracter object 

and hear the target object's name. If children systematically look or point towards the target 

object after hearing its name rather than the distracter, then they are said to have learned the new 

word-object relation.  

The challenge is that while such tests may indicate that children have established an 

associative link between a word and an object, they do not necessarily show that young children 

understand the word's meaning or that they conceive the word as "standing" for that object 

(Gliga & Csibra, 2009). My goal is to record young children's ERP responses to recently trained 

novel words in a picture-word matching task to investigate the nature of cross-situational word 

learning. ERP measures have components that correspond with both the statistical associations 

between a word and an object and higher-level semantic representations of those links. If 
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children demonstrate evidence of higher-level semantic processing, then we can infer that they 

have assigned meaning to the new words and realize that the new words can be used as symbols 

to represent their referents in communication.  

To preview, in the next Chapter I elaborate on the specific ERP components that can be 

used to shed light on the nature of representations in cross-situational learning. Chapter 3 

presents data from two pilot experiments conducted with the aim of ensuring that the novel 

cross-situational training-ERP testing approach worked well and elicited cortical auditory evoked 

potentials with appropriate waveform morphologies. In Chapters 4 and 5, I extended the 

established procedures to two samples of 4-year-old children. Across two experiments, children 

experienced identical cross-situational information, but children differed in the familiarization 

routine they experienced before novel word training: whereas children in Experiment 4 

experienced familiar object labeling before training, children in Experiment 5 did not. Finally, in 

Chapter 6, I summarize the main findings, discuss theoretical implications, and highlight 

potential avenues for future research. By investigating the nature of representations in cross-

situational learning and whether these representations are affected by pre-training routines, we 

can begin to better understand the mechanistic role of cross-situational learning in early word 

learning.  

1.2. Cross-Situational Learning 

In recent years there has been an emphasis on theory and experiments highlighting 

infants' ability to learn new words by simply attending to word-object co-occurrences over 

multiple, individually ambiguous learning instances (see Smith, Suanda, & Yu, 2014 for a 

review). Cross-situational learning is thought to be an important mechanism in early word 

learning because it simulates the inherently "noisy" and ambiguous early word learning 
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environments and illustrates infants' ability to passively learn new words. For instance, toddlers 

who are beginning to learn language may hear an unfamiliar word such as "fork" (e.g., parent 

says "you eat food with a fork!") while seeing a number of objects at a dinner table (e.g., fork, 

plate, and spoon), and they may have no other information to identify the correct referent for the 

unfamiliar word. However, if they hear the word again while viewing a different set of objects 

(e.g., fork, spatula, chair), they could combine word-object co-occurrence frequencies across 

exposures and accurately infer the meaning of "fork" (Smith & Yu, 2008). Current research 

investigates how the cross-situational learning mechanism may scale to the real world. For 

instance, recent studies use head-mounted cameras and eye-trackers to collect fine-grained 

information about what infants actually see and hear as they naturally play with toys and interact 

with parents in everyday household environments (e.g., Smith et al., 2014; Tsutsui, 

Chandrasekaran, Reza, Crandall, & Yu, 2020).  

While cross-situational learning is an important mechanism in early word learning 

(Kucker, McMurray, & Samuelson, 2015; McMurray, Horst, & Samuelson, 2012), relatively 

little is known about how children encode the new words or in what memory systems they store 

the newly acquired word-object information. One line of research concerns the mechanistic 

underpinnings of cross-situational learning. There is an ongoing debate about whether learners 

accumulate word-object statistics across trials or if they generate a single hypothesis and then use 

statistical information to either confirm or reject their hypothesis (e.g., Kachergis, Yu, & 

Shiffrin, 2012;  K. Smith, Smith, & Blythe, 2011; Trueswell, Medina, Hafri, & Gleitman, 2013; 

Yu, Zhong, & Fricker, 2012; Yurovsky, Yu, & Smith, 2013). Some evidence suggests that cross-

situational learning proceeds through the accumulation of partial and incomplete knowledge 

(Yurovsky, Fricker, Yu, & Smith, 2013), though it is unclear what the nature of this incomplete 
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knowledge is. A second line of research has begun investigating how social information such as 

speaker eye-gaze may interact with cross-situational learning to support novel word learning. For 

example, one study investigated whether eye-gaze from a character on screen the moment when 

words were provided affected the number of representations adult learners acquired in cross-

situational learning (MacDonald, Yurovsky, & Frank, 2017). Other research has modeled the 

interaction of children's higher-level inferences about speakers' intentions and cross-situational 

learning mechanisms (Frank, Goodman, & Tenenbaum, 2009; Frank, Tenenbaum, & Fernald, 

2013; Yu & Ballard, 2007; Yurovsky & Frank, 2017). The present work contributes to both lines 

of research by, first, investigating the nature of representations, and second, testing whether this 

learning changes when learners receive contextual information before training that clarifies the 

pedagogical nature of the task. In the following sections I elaborate on these two research 

questions.  

1.3. What do Children Learn in Cross-Situational Tasks?  

Word representations are complex and multifaceted. Even in a straightforward naming 

situation in which an adult singles out a concrete object and provides a label in a typical labeling 

phrase (e.g., "look, this is an apple"), there are a series of processes that children must engage to 

learn the new word. They must recognize the unfamiliar label in the string of other words, 

construct a representation of the new word's sound structure, and infer its meaning in the local 

context and dynamic semantic landscape of the mental lexicon (Borovsky, Elman, & Kutas, 

2012).  

One classical approach to characterize the acquisition of new word meanings is to think 

about how this knowledge is integrated into lexico-semantic memory. Lexico-semantic memory 

refers to the organized and dynamic system where we store our knowledge of familiar word 



 

5 

 

concepts such as "orange", "eat", and "drink", and the semantic links between them (Draine & 

Greenwald, 1998; Lucas, 2000; McRae & Boisvert, 1998; Roediger & McDermott, 1995). These 

organized networks grow as we encounter new words in the course of normal conversation, 

while reading, watching television, and so on, and semantically integrate these words with 

familiar words we already know (Carey, 1982; Nagy, Herman, & Anderson, 1985). On this 

classical view of semantic development, insight into the acquisition of new word meanings can 

be gained by testing whether new words (e.g., "apple") are semantically integrated with known 

word concepts (e.g., "orange" and "eat") in lexico-semantic memory.  

Early word learning researchers recognize the importance of an extended semantic 

integration process for acquiring a full understanding of a word's meaning. However, research 

shows that under the right conditions children can rapidly learn an incomplete and partial 

understanding of new word meanings (e.g., Carey, 1978; Carey & Bartlett, 1978; Dollaghan, 

1985; Heibeck & Markman, 1987; Swingley, 2010). For instance, most 3-and-4-year-olds who, 

in the natural context of setting up for snack time, hear a teacher say "bring me the chromium 

tray, not the blue one, the chromium one" pick the correct olive coloured tray that they did not 

initially have a colour mapping for (Carey & Bartlett, 1978). When tested for their knowledge of 

the new word "chromium" on a comprehension test administered a week after the initial 

exposure (e.g., experimenter asks "which is the chromium one?"), most children select the olive 

tray among a set of distracter coloured trays, indicating that they retained some aspect of the 

initial "chromium"-olive colour mapping in memory over the week delay. On a production test 

administered six weeks after the initial training, most children were unable to produce the word 

"chromium" when asked what colour the olive tray was, some children knew that the olive tray 

had a different colour than "green" but could not remember the word, and the rest used another 
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colour for the olive tray (e.g., gray, blue, or brown) that they had not yet mapped onto a colour 

(Carey & Bartlett, 1978). These responses indicated that the process of restructuring their lexical 

entry for olive colour had already begun. While the initial mappings that children acquired did 

not reflect a fully integrated understanding of the word provided by the teacher, the findings 

indicate that some sort of learning did take place after the initial exposure. This initial learning is 

thought to be crucial for word learning because it lays the foundation for further elaboration of 

the meaning of the word as well as its proper usage. 

But what exactly is learned after a small number of exposures to a novel word and in 

what memory systems do children store this newly acquired information if not in lexico-semantic 

memory? For adults, words function as symbols that convey meaning by way of an arbitrary link 

the word has with the objects it represents. For instance, the word "apple" refers to apples in 

general not because there is a "natural" link between the word and the object it denotes, but 

rather because of a tacit convention or agreement among English language users that the word 

apple can be used to symbolize or "stand for" the fruit (Werker, Cohen, Lloyd, Casasola, & 

Stager, 1998). This initial step of grasping the symbolic meaning of new words is crucial for the 

extended, gradual acquisition of a more complete understanding of the word's meaning. 

Crucially, the mechanisms and representations that underlie this learning is often contrasted with 

those involved in acquiring an association between a word and its referent. An association 

reflects an understanding that the word "goes with" the object it occurs with, but it does not 

necessarily entail a symbolic understanding of the word (Waxman & Gelman, 2009). Below I 

elaborate on the process of acquiring an association between a word and an object versus an 

understanding that the word is a symbol that can be used to refer to an object. 

1.3.1. Indices versus Symbols 
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The logician and philosopher Charles Peirce (1931) distinguished between two different 

classes of word-object relations: "index" and "symbol". An index is a word or sign that indicates 

an object because of a physical or temporal connection with that object. An example is when the 

smell of smoke indicates the presence of a fire (e.g., Deacon, 1998; Golinkoff & Hirsh-Pasek, 

2000). An indexical relation between a sign and its object is learned through classical or operant 

conditioning, such as when dolphins learn to respond to a raised fist produced by their trainers 

(Golinkoff & Hirsh-Pasek, 2000). Indices lose their power to signal an object if the 

physical/temporal connection with its object ceases to exist (Peirce, 1931, as cited in Buchler, 

1966).  

In contrast, a symbol is a sign or word which refers to the object that it denotes by virtue 

of a law, usually an association of general ideas or habitual connection between the name and the 

character signified, which operates to cause the symbol to be interpreted as referring to that 

object (Buchler, 1966). For example, the words "cow", "logic", and "hit" are symbols that do not 

in themselves identify their objects (as do the index) but stand for their objects by conventional 

agreement. A symbol acts as a sign simply and solely because it is understood to do so; it 

acquires a meaning not by virtue of any qualitative character but by social agreement (Buchler, 

1966).  

For Peirce (1931), an index or an association between a word and the object it indicates is 

"essentially an affair of the here and now," which serves to bring the thought of the interpreter to 

a particular experience, or series of experiences connected by dynamical (spatio-temporal) 

relations. Peirce states that the meaning of symbols such as "bird" or "marriage" are not the 

objects that the word itself identifies, but rather ideas in the mind of the interpreter that relate to 

the word. That is, words such as "bird" have meaning not because hearing it shows us a bird but 
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because we are able to imagine things related to a bird, and have come to associate the word with 

these imaginable ideas. Peirce offers pragmaticism theory to complement his classification of the 

meaning conveyed by indices and symbols (Fitzgerald, 1966). The principal contention of 

Peirce's pragmaticism is that the meaning of a symbol consists in the convention to which it 

gives rise in the interpreter (Fitzgerald, 1966, pg. 154). Thus, to understand the meaning of 

symbols the interpreter must infer the conventional knowledge intended by the usage of the 

word.  

Grice (1957; 1989) argued for a similar distinction between different kinds of meaning 

that are communicated by words and utterances, though his terminology differed from Peirce's 

(see Pietarinen, 2004; Pietarinen & Bellucci, 2015; 2016). For Grice, indices approximate natural 

meaning (Pietarinen & Bellucci, 2016); all that needs to be in place for there to be 

communication through indexical signs is a "natural" connection that could be expected to be 

seen by a listener between the sign and a particular piece of information. An example of an 

utterance conveying natural meaning is "these red spots mean meningitis", in that the symptom 

and the disease are linked through a natural connection. Symbols, on the other hand, approximate 

non-natural or speaker meaning (Pietarinen & Bellucci, 2016). Speakers can use symbols as 

communicative devices which have an artificial or arbitrary connection with the things that they 

communicate or represent simply because the knowledge, or supposition, or assumption, of such 

an artificial connection is pre-arranged and foreknown (Grice, 1989, p. 296). Grice further posits 

that speaker's intentions are crucial for identifying speaker meaning or the non-natural meaning 

conveyed by symbols contained within an expression. He defines non-natural or speaker 

meaning: "'A meant something by x' is roughly equivalent to 'A uttered x with the intention of 

inducing a belief by means of the recognition of this intention'." (Grice, 1957; 219). Thus, 



 

9 

 

Grice's pragmatic theory posits that discovering the meaning of a speaker's symbolic, 

communicative device requires interpreting what the speaker's intention was by providing the 

symbol in the first place.  

I have introduced this pragmatic analysis of meaning to elaborate on word "meaning" and 

dissect some of the strands involved in acquiring word meanings. From this description there 

appears to be two fundamentally distinct possibilities for how young children may perceive the 

connection between spoken words and their referents shortly after being exposed to them in a 

cross-situational learning task. They may interpret the words as indices of the objects they co-

occur with because of a temporal connection between the two elements (i.e., across a number of 

trials, shortly upon seeing an object they hear its word). Alternatively, they may interpret the 

word as symbols that denote the objects they co-occur with, not because of a temporal 

connection, but because of an understanding that the connection holds because of a convention – 

a group of speakers have decided to use the word to refer to that object in communication. While 

both are about matching words and referents, the implications of each are clearly different and 

have consequences for the role that cross-situational learning is thought to play in early word 

learning. The goal of the present research is an empirical one, to use an ERP testing procedure to 

gain insight on whether children assign symbolic meaning to new words in cross-situational 

learning.  

1.4. How do Children Learn what they Learn in Cross-Situational Learning? 

A second question concerns how children learn what they learn in cross-situational 

learning. In Peirce's and Grice's approaches, the primary way through which learners ascribe 

meaning to words is by inferring something about a speaker's intentions (Grice, 1968; Golinkoff 

& Hirsh-Pasek, 2000). Research shows that young children can infer something about a speaker's 
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intentions by interpreting visible social cues provided by a speaker when they provide novel 

object labels. For instance, a wide variety of empirical evidence supports the view that young 

children use signals like the eye-gaze of speakers to infer the speaker's referential intentions, or 

what referent the speaker is intending to talk about when providing a novel label (Baldwin, 1991; 

1993; Baldwin, Markman, Bill, Desjardins, Irwin, & Tidball, 1996; Carpenter, Nagell, & 

Tomasello, 1998; Hollich, Hirsh-Pasek, & Golinkoff, 2000). This evidence is taken as support 

for the socio-pragmatic account of early word learning, which argues that young children use this 

social information to draw an inference about what the speaker intends to talk about, or the 

speaker's meaning when using the term (Baldwin, 1995; Tomasello, 1992). 

It is unclear what kind of social information, if any, children can use in the cross-

situational learning task to infer speaker intentions and learn the symbolic meaning of the new 

words. These tasks present children with new word-object pairings in a highly constrained, 

artificial word learning environment that differs from a typical labeling context. Words are 

presented as isolated, individual units, without the presence of a labeling frame that helps 

contextualize to children that a label is being provided. Moreover, the words are produced by an 

absent speaker and so children cannot use information gained from rich social-communicative 

cues (such as speaker eye-gaze) to infer the speaker's referential intentions.  

One possibility, however, is that young children take advantage of subtle, contextual cues 

in cross-situational learning tasks to infer that the words are being connected to the novel objects 

in an intentional and communicative way. For instance, if word-object pairs are repeated across 

successive trials this may suggest to young children that the repeated information is of 

pedagogical importance (e.g., Schwab & Lew-Williams, 2016). Another possibility is that 

familiarization routines and instructions provided before training intended to familiarize young 
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children with the structure of the task may provide them with an idea that the novel words are 

meant or intended to be labels for the novel objects. Evidence for this possibility comes from a 

line of studies showing that providing infants with very subtle contextual information before 

training significantly improves their subsequent novel word learning. For instance, a consistent 

finding is that 14-month-olds are unable to associate two similar-sounding words (e.g., bih and 

dih) to two referents in artificial word learning paradigm (Pater, Stager, & Werker, 2004; Stager 

& Werker, 1997; Werker, Fennell, Corcoran, & Stager, 2002). But if infants first have an 

opportunity to observe a series of familiar objects (e.g., car, kitty), each paired with its familiar 

basic level name, presented in isolation (e.g., “Car!” “Kitty!”), they subsequently 

map novel words, also presented in isolation, to novel objects (Fennell &Waxman, 2010; Namy 

& Waxman, 2000). It is thought that familiar object labeling may improve infants' word learning 

because it provides information to infants that they will see objects and hear their correct 

referential labels.  

The current thesis investigates the role of a pre-training, familiar object labeling routine 

on young children's subsequent cross-situational learning. This is particularly important in the 

cross-situational learning literature because researchers use a wide variety of familiarization 

routines before training. For instance, in the original Smith and Yu (2008) study, 12- and 14-

month-old infants received attention-getter slides before the new word-object information. In 

another study with 5-to-7-year-olds, Suanda et al. (2014) used an extensive pre-training 

familiarization in which children were introduced to a ladybug puppet named "Lulu the ladybug" 

and were told that their goal was to learn Lulu's names for her favourite toys. In a series of 

studies, In Hartley, Bird, and Monaghan (2020), children completed warm-up trials before 

training in which they were presented with two pictures of familiar objects, heard a female voice 



 

12 

 

ask them to identify one of the objects ("which is the cat? Touch the cat") and received praise or 

corrective feedback after their response. Across these experiments, the familiarization routines 

are intended to familiarize children with the structure of the task, but they also provide important 

information which may clarify to children the pedagogical nature of the task and their role in it. 

This may have unintended consequences on children's subsequent learning. It is crucial to 

investigate if such contextual information may affect the kind of lexical representations young 

children acquire and play a role in supporting children's learning in cross-situational learning 

tasks.  

1.5. The Current Thesis 

The current thesis departs from the typical behavioral testing procedures and uses an ERP 

testing procedure to provide a more fine-grained analysis of the lexical representations young 

children acquire in cross-situational learning. ERP is a widely used cognitive neuroscience 

method for studying children's word learning and linguistic processing. Briefly, when 

populations of neurons have coordinated responses to processing a particular stimulus, their 

combined activity creates changes in the electrical potential (post-synaptic excitatory and 

inhibitory potentials) of the extracellular solution that can be recorded non-invasively from 

sensor electrodes placed on the scalp (Luck, 2014; Shafer & Garrido-Nag, 2007). The most 

commonly used method to isolate the electrical patterns related to a single event of interest is the 

ERP method, which involves recording the electrophysiological or EEG activity that is elicited 

by a specific event which is repeated frequently. When averaged over multiple trials, the non-

systematic aspects of the ongoing EEG are minimized thus leaving a record of the neuroelectric 

activity that is elicited by the stimulus itself.  
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The ERP method has several advantages that can be used to assess the word 

representations young children acquire in a cross-situational learning task. First, ERPs capture in 

fine temporal detail (typically 4 millisecond resolution) the temporal unfolding of neurocognitive 

events or components that are associated with distinct processes of spoken word recognition. 

Second, the ERP technique is a low-cost, non-invasive methodology that can be used under 

passive task conditions which make few physical demands of young children participants. 

Electrical potentials are measured at the scalp from young children who are wearing a special 

“hat” and they are asked to cooperate by keeping the hat in place and passively attending to a 

series of pictorial and auditory stimuli played over speakers, holding relatively still while each 

stimulus is played. Third, whereas behavioral indices in comprehension tests often provide only 

a single, relatively unstable dependent variable (e.g., percent looking time), ERP studies elicit a 

complex, multidimensional dependent variable that can better capture processes underlying 

spoken word recognition. 

Research shows that hearing a spoken word elicits a cortical auditory evoked potential in 

adults and young children. These auditory evoked potentials are characterized by a sequence of 

consistently occurring early peaks or components over electrode sites located in the frontal and 

central part of the scalp – P1, N1, P2 (PNP complex; see Wunderlich & Cone-Wesson, 2006, for a 

review). The letter refers to the polarity of the component (i.e., P = positive, N = negative) and 

the number refers to the order in which the component appears in the ERP waveform. These 

early components are thought to reflect obligatory aspects of acoustic word processing. 

I recorded participants' auditory evoked ERP potentials to spoken novel words in a 

matching paradigm administered after cross-situational training. In this paradigm participants 

saw a picture of an object and then heard a spoken novel word. Critically, there were two 
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conditions of word-object pairings. In the congruent condition, the spoken word matched (or was 

congruent with) the pictured object (e.g., participant saw a picture of a cat and then heard "cat"). 

In the incongruent condition, the spoken word did not match (or was incongruent with) the 

pictured object (e.g., participant saw a picture of a cat and then heard "table").  

When comparing ERPs to congruent and incongruent words, there are two sets of 

divergences that occur in the cortical auditory evoked potentials that are known to reflect distinct 

aspects of spoken word processing. The first occurs early over the P1-N1-P2 complex and the 

subsequent phonological mapping negativity (PMN) that peaks between 250-350 msec post-

stimulus following the P2 wave. Across a wide range of tasks, research shows that these early 

components are sensitive to the match between the initial sound of the incoming target word and 

the expected word. For example, the N1 and PMN components are enhanced when the incoming 

target word has an initial sound that violates a sound expectation (e.g., Becker, Schild, & 

Friedrich, 2014; Blonte & Blomert, 2004; Duta, Styles, & Plunkett, 2012; Friedrich & Friederici, 

2005; Friedrich, Schild, & Röder, 2009). Critically, these early effects emerge even when the 

ERP-eliciting stimulus is a non-word that is semantically meaningless but has an initial sound 

that violates a sound expectation (e.g., Bonte & Blomert, 2004; Connolly et al., 2001). In the 

next chapter I elaborate on how these early effects reflect the acoustic/phonetic processing of 

word onsets and how they can be used to determine if children associated the new words with the 

referents they consistently co-occurred with during training.  

Following the PMN component is a widespread negativity that peaks around 400 msec 

called the N400 component. Modulation of the N400 component is thought to reflect the 

semantic analysis of the incoming target word. A typical example of a situation in which 

participants demonstrate an N400 effect is when they hear a sentence that ends in a word that 
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does not fit the meaning established by the sentence. For instance, when participants hear "I take 

my coffee with sugar and socks", N400 components recorded to the terminal word "socks" are 

more negative than when they hear an appropriate terminal word that fits the meaning of the 

sentence (e.g., "cream" or "milk"). Research shows that modulation of the N400 component is 

functionally distinct from the earlier acoustic/phonetic processing effects. For example, in the 

sentence "the gambler had a bad streak of luggage", the terminal word has an initial sound that it 

shares with the expected word "luck"; in these conditions participants demonstrate an N400 

effect but no modulation of the earlier components (see e.g., Connolly & Phillips, 1994). 

Moreover, the PMN and not the N400 is modulated when non-words violate phonological 

expectations (Connolly et al., 2001). This kind of research importantly shows that the early-

occurring effects are sensitive to the phonological analysis of an incoming word, while the later-

occurring N400 is sensitive to semantic analysis of the word meanings.  

1.5.1. Working Framework 

I used these well-established, functionally distinct markers of early acoustic/phonetic and 

later semantic processing of spoken words to investigate the nature of representations in cross-

situational learning. The current research is based on three main working hypotheses: 

1. If children encode an indexical relation between the new words and objects in cross-

situational learning, then I should expect to see effects only over the early P1-N1-P2 

complex and PMN in a matching task administered after training. The presence of these 

early effects would indicate that children detect the mismatch between the incoming 

target word and the expected word, providing evidence that they encoded an indexical 

relation associating the novel words with their referents during cross-situational training. 
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But the lack of an N400 effect would indicate that they did not associate meaning to the 

word-object relations.  

2. In contrast, if children encode the symbolic meaning of the new words, then I should 

expect to see the early effects as well as an N400 effect. The N400 effect would indicate 

that, in addition to encoding indexical relations between the novel words and their 

referents, children assigned semantic meaning to the novel words.  

In this context, assigning meaning simply means that learners go beyond acquiring an indexical 

relation between the word-object association. They have acquired a partial understanding of the 

word's meaning or that the word may be used as a conventional symbol to refer to objects and 

communicate with other members in the socio-linguistic community. But it does not reflect a 

fully developed understanding of the new word's meaning. 

 After establishing what children learn for new word-object pairings in a cross-situational 

task, I tested the prediction that a familiarization routine with familiar object labeling can 

influence how lexical representations are encoded. In particular, I tested the hypothesis: 

3. If children acquire a symbolic relation between the new words and objects in cross-

situational learning because they received information that the words are meant to be 

object labels, then without familiar object labeling I would expect to observe only early 

effects reflecting the acquisition of an indexical association between the word-object 

pairs.  

Investigating these questions is crucial for understanding how the cross-situational mechanism 

may support early word learning and how it fits into broader theories of early word learning.   
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Chapter 2: Investigating Word Representations in Cross-Situational Learning 

Smith and Yu (2008) designed the cross-situational word-learning task to answer whether 

infants can learn new words by aggregating "noisy" word-object co-occurrence information over 

multiple ambiguous learning instances to learn new word meanings. On each trial infants heard 

two words and saw two objects on a computer screen with no information about which word 

went with which object, however across trials each individual word always co-occurred with just 

one referent. On a comprehension test administered immediately after training, results revealed 

that infants looked significantly longer at target referents than distracters upon hearing the 

associated name. These findings are taken as evidence supporting the notion that infants can 

infer the meaning of multiple new words over multiple ambiguous presentations by accruing 

cross-situational statistics (Smith et al., 2014). Several researchers have applied statistical 

learning algorithms to word-scene co-occurrence data taken from audio and video recordings of 

infants in common everyday activities (i.e., an infant interacting with a parent) to show that the 

algorithms succeed in discovering the underlying word-referent pairings from real-world co-

occurrences (e.g., Frank et al., 2009; Yu, Ballard, & Aslin, 2005; Yu & Ballard, 2007; Yu, 

2008). Together, the behavioral and modeling findings suggest that infants can harness powerful 

statistical learning mechanisms that operate over ambiguous co-occurrence data in everyday 

environments to learn new word meanings. 

Although findings of cross-situational word learning have been well replicated with 

infants, young children, and adults (e.g., Fitneva & Christiansen, 2011; 2017; Monaghan & 

Mattock, 2012; Roembke & McMurray, 2016; Roembke, Wiggs, & McMurray, 2018; Vlach & 

Johnson, 2013; Vouloumanos & Werker, 2009; Yu & Smith 2007; Yurovsky et al., 2014), 

relatively little is known about the nature of representations guiding young children's 
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performance. One issue is that cross-situational word learning studies typically use an immediate 

comprehension test to assess word learning. Immediate tests can determine whether children 

solve 'in-the-moment' referent selection or disambiguation, but they provide little information 

about whether children retain newly acquired word-referent mappings in long-term memory 

(Bion, Borovsky, & Fernald, 2013; Horst & Samuelson, 2008). Recent studies of infant and 

toddler retention show that word learning is an incremental and slow process. For example, 

toddlers who map the novel word to the novel object in a fast-mapping paradigm do not retain 

those mapping when tested after delays as short as 5 minutes (e.g., Axelsson, Churchley, & 

Horst, 2012; Bion et al., 2013; Horst & Samuelson, 2008; Horst, Scott, & Pollard, 2010). Thus, 

the immediate selection of a potential referent for a novel word is just the beginning of a long, 

slow process, and learning is far from complete after a single encounter with a novel word 

(Swingley, 2010; McMurray, Horst, & Samuelson, 2012). It is important to investigate whether 

children retain in long-term memory newly acquired words through cross-situational learning. 

A second issue discussed in Chapter 1 concerns the representational relation children 

acquire for new words in cross-situational tasks. For adults, words function as symbols; they 

serve to designate an entity in the world based on a convention or tacit agreement (Deacon, 

1998; Hirsh-Pasek & Golinkoff, 2000; Huttenlocher & Higgins, 1978). Learning the 

conventional, symbolic meaning of words is often contrasted with acquiring an associative 

mapping between words and their referents (e.g., Waxman & Gelman, 2009; Plunket, 1998; 

Smith, Jones, & Landau, 1996). Associative mappings differ from symbolic relations because 

they rely on learned associations rather than social convention to signal an object or concept 

(Deacon, 1998; Hirsh-Pasek & Golinkoff, 2000; Huttenlocher & Higgins, 1978). While 

behavioral tests indicate whether young children have acquired some sort of word-object 
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relation, they do not inform us about whether these relations are associative or symbolic in 

nature. It is therefore crucial to investigate if the newly acquired mappings are associative in 

nature or reflect an understanding that the novel word can be used as a symbol to communicate 

with others about a concept or object within the broader socio-linguistic community.   

Research outside the cross-situational learning literature has investigated infants' learning 

in situations that directly contrast the symbolic and associationist points of view. For instance, 

Baldwin (1991, 1993) presented 18- to 19-month-old infants with a scenario in which an 

experimenter waited until the infant was attending to an unfamiliar object, and then exclaimed 

"look, it's a modi." The experimenter, however, uttered the labeling sequence as she was looking 

in a bucket, at an unseen object. If children accomplish word learning by simply acquiring 

associative mappings, then they should show evidence of associating the word "modi" with the 

unfamiliar object they were looking at when the speaker uttered the label. Instead, results showed 

that infants looked to see what the experimenter was staring at and applied the word to the item 

within the bucket. These findings are often interpreted as showing that infants as young as 18-

months understand that words are symbolic representations with referential content – that they 

are used by speakers to refer to things in the world (e.g., Baldwin et al., 1996; Baldwin, 1991; 

Preissler & Carey, 2004).  

The socio-pragmatic explanation for these findings is that infants capitalize on social cues 

(i.e., eye-gaze) provided by speakers to uncover what object the speaker intended to refer to 

because this information can provide evidence for the meaning or symbolic content of the 

speaker's unfamiliar word. In cross-situational tasks, the constellation of communicative, 

attentional, and linguistic cues that typically surround naming events and support children's 

inferences about word meaning are intentionally stripped away. For example, each naming event 
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appears in isolation, and words are presented through a computer speaker from a person who is 

visibly absent. Thus, it is unclear if children acquire the conventional meaning of the new words 

that are presented in the highly constrained cross-situational learning conditions with minimal 

communicative cues from an adult speaker. 

2.1. Behavioral and Neural Evidence on Representations in Cross-Situational Learning 

In recent years, cross-situational word learning studies have used modified behavioral 

testing procedures to investigate if children retain new words over a delay. Vlach and Debrock 

(2019) taught 2-to-5-year-olds new word-object mappings in a cross-situational task and then 

tested their retention on a 5-minute delayed comprehension test rather than an immediate test. 

Results showed that 4-year-olds retained the new words over the brief delay, whereas younger 2- 

and 3-year-olds did not. These findings suggest developmental differences in the extent to which 

young children retain newly acquired words in long-term memory. While younger 2-year-olds 

demonstrate accurate performance on immediate tests (e.g., Smith & Yu, 2008; 2011 Vlach & 

Debrock, 2017), it is not until around 4-years-of-age that children are able to retain newly 

acquired words in long-term memory (Hartley, Bird, & Monaghan, 2020; Vlach & Debrock, 

2019). It is unclear from these findings, however, whether these representations are associative 

or symbolic.  

Additional evidence on representations in cross-situational learning comes from adult 

neuroimaging studies. In a recent study, Ripollés and colleagues (2018) used diffusion tensor 

imaging (DTI) to investigate the extent to which myelination in white-matter pathways thought 

to be involved in phonological and semantic processing predicted performance in a cross-

situational word learning task. Learning new phonological word forms is thought to be mediated 

by a white-matter pathway called the left arcuate fasciculus (AF), which connects the posterior 
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parts of the temporal cortex (BA 22/BA37) and left inferior frontal gyrus (BA 44/45), the middle 

frontal gyrus (BA 46) and premotor cortex (BA 6) (Lopez-Barroso et al., 2013). In contrast, 

learning the semantic meaning of new words is mediated by two different, left-hemisphere 

white-matter pathways which constrain the flow of information between the posterior middle 

temporal gyrus (pMTG) and ventral inferior frontal gyrus (IFG; BA 47) – a direct connection 

through the inferior-fronto-occipital fasciculus (IFOF) or an alternative two-step pathway 

comprising the inferior-longitudinal fasciculus (ILF) and the uncinate fasciculus (UF). Ripollés 

et al. found that the microstructural properties of the ILF-UF white matter pathway thought to be 

involved in semantic learning predicted performance on the cross-situational task. Conversely, 

there was no relationship between the microstructural properties of the phonological AF white 

matter pathway and cross-situational learning performance. The authors noted that the anterior 

portions of the ILF and UF surrounding the left anterior temporal lobe (ATL) were correlated 

with behavioral performance. The ATL is a region thought to be an amodal hub for semantic 

processing and the acquisition of new word meanings (Pobric, Jeffries, & Lambon Ralph, 2010; 

Ripollés et al., 2017). These DTI findings suggest that adult learners in cross-situational learning 

tasks may engage left temporal white-matter pathways surrounding the ATL to acquire semantic 

representations that permit a symbolic understanding of words. 

These findings converge with a growing body of neural evidence indicating that the left 

ATL may be involved in the rapid acquisition of semantic representations for new word 

meanings in other contexts. There are now several adult neuroimaging studies showing that the 

ATL is engaged when participants retrieve new word-object relations acquired in fast-mapping 

tasks (e.g., Atir-Sharon, Gilboa, Hazan, Koilis, & Manevitz, 2015; Merhav, Karni, Gilboa, 2015; 

Sharon, Moscovitch, & Gilboa, 2011). For instance, adult participants in Merhav et al. (2015) 
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completed a fast-mapping task in which they heard a new word in a question "is there a noni?" 

while seeing an unfamiliar object and a familiar object (e.g., cherries). When they were asked to 

retrieve the "noni" after 30 minutes they showed enhanced activation in the ATL. This evidence 

is taken to support the notion that the ATL may be a key node in a rapid semantic learning 

system which bypasses the dominant hippocampal-ventromedial prefrontal cortex axis thought to 

be involved in the gradual acquisition of words after a period of offline consolidation (see 

Hebscher, Wing, Ryan, & Gilboa, 2019 for a recent account). Additional evidence in support of 

this view comes from neuropsychological studies showing that patients with hippocampal 

atrophy learn words in fast-mapping (e.g., Warren & Duff, 2014) and cross-situational tasks 

(Warren, Roembke, Covington, McMurray, & Duff, 2019).  

The possibility that the left ATL is involved in rapid semantic word learning in adult 

cross-situational word learning and fast-mapping tasks has important implications for children. 

Children show vast word learning success before 36 months, a time when the hippocampus and 

nearby medial-temporal lobe regions are still developing (Gogtay et al., 2006; Ghetti & Bunge, 

2012; Ofen, 2012). One possibility is that a direct, ATL-mediated word learning mechanism 

could support young children's ability to rapidly learn and retain semantic representations for 

new words in cross-situational word learning.  

2.2. Using Event-Related Potentials to Probe Word Representations 

In Chapter 1, I introduced the ERP measure as a useful technique that can reveal distinct 

neurocognitive processes underlying spoken word recognition. Models of spoken word 

recognition posit that when we hear speech input, we initially process and map the input onto 

multiple candidate phonological representations of word-forms in the mental lexicon (Marslen-

Wilson, 1987). This process occurs early, when only the first 100-150 msec has been heard and 
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the phonological representations that become active are those that share initial sound features 

with the incoming word (Marslen-Wilson, 1987). For instance, the incoming word 'captain' 

activates lexical candidates such as 'captive' or 'capital' that share an initial overlap in the sound 

of words. Then, higher-level representations such as the syntactic and semantic, meaning-

determining information associated with the candidate words are accessed so that the listener can 

select the candidate that is most appropriate in a given context (Marslen-Wilson, 1987). Below, I 

elaborate on the ERP evidence that distinct components map onto the early-phonological and 

later-semantic processes of spoken word recognition.  

2.2.1. N400 and Semantic Expectations  

The N400 is thought to be involved in the semantic analysis of a word in meaningful 

contexts. There are two main paradigms that are frequently found to alter the size of the N400 

response – the priming and anomaly paradigms (Lau, Phillips, & Poeppel, 2008). The priming 

paradigm involves the presentation of a “prime” word or object, and then a semantically related 

or unrelated “target” word or object (e.g., coffee-tea or chair-tea). The anomaly paradigm 

involves the presentation of a target word that is either semantically appropriate or inappropriate 

given the context of the preceding sentential material (e.g., “I like my coffee with cream and 

sugar” (expected: socks)). Studies with adults have shown that conditions in which the context is 

semantically supportive in priming and anomaly paradigms elicits a response of more negative 

amplitudes in the 300-500 msec interval, with a typical centro-parietal spatial distribution. 

Developmental studies with infants as young as 14-months and older children have also 

demonstrated an N400 effect to known words in priming paradigms (Friedrich & Friederici, 

2005; Henderson, Baseler, Clarke, Watson, & Snowling, 2011; Mangardich & Sabbagh, 2018; 

Pereyra, Klarman, Lin, & Kuhl, 2005; Torkildsen, Syversen, Simonsen, Moen, & Lindgren, 
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2007), but 12-month-olds do not show this effect (Friedrich & Friederici, 2004; 2005a; 2005b; 

for a review, see Friedrich, 2008). A recent neuroanatomical review suggests that the N400 

effect reflects facilitated lexical access, whereby stored lexico-semantic representations are 

accessed, likely relying on the pMTG, with some potential added contributions from left 

posterior inferior frontal (IFG; BA45) and ATL (Lau et al., 2008). I refer to the modulation of 

N400 amplitude during the semantic analysis of a word as the "N400 effect".  

Several ERP studies have used modulations of the N400 effect in priming and anomaly 

paradigms to examine the dynamics of novel word learning in adults and infants. These studies 

show that after a short training exposure, violating newly formed word-object associations leads 

to an enhanced N400 effect. For instance, adults show an N400 effect after 1-2 hours of learning 

novel word-picture associations (Dobel, Lagemann, & Zwitserlood, 2009), after 45 m of learning 

the meaning of rare words (e.g., "clowder"; Perfetti, Wlotko, & Hart, 2005), and even after a 

small number of exposures if a novel word is presented in a strongly constrained and meaningful 

sentence context (e.g., "The sick child spent the day in his pav"; "Mom piled the pillows on the 

pav") (Mestres-Missé, Rodriguez-Fornells, & Münte, 2007; Borovsky, Kutas, & Elman, 2010; 

Batterink & Neville, 2011). An N400 effect for novel words has been found in toddlers toddlers 

who acquire new words through repeated exposures (Borgström, Torkildsen, & Lindgren, 2015; 

Junge, Cutler, & Hagoort, 2012; Torkildsen et al., 2008), with one study demonstrating the effect 

after a 1-day delay (Friedrich & Friederici, 2008). Older children also show an N400 effect when 

new words are taught by a communicative partner in social interaction (e.g., Hirotani, Stets, 

Striano, & Friederici, 2009; Mangardich & Sabbagh, 2018) or when new word meanings are 

constrained by the sentence context (Abel, Schneider, & Maguire, 2018). Thus, the N400 

component can be used as a reliable measure of learning the meaning of new words. 
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One common finding in developmental studies is that the scalp distribution of the N400 

effect differs for newly acquired versus familiar words. For instance, Torkildsen et al. (2008) 

reported in 24-month-olds a "broadly distributed incongruity effect … for mismatches of 

recently learned word-picture associations" and a more focalized distribution for the incongruity 

effect for real words "most prominent at central and parietal electrode sites". In another study, 

Friedrich and Friederici (2008) reported in 14-month-olds an N400 for novel words over right 

parietal and centroparietal sites, whereas in another study the N400 for familiar words appeared 

with a centroparietal distribution (Friedrich & Friedrici, 2005b). One account for these scalp 

distribution differences is that increased exposures to the newly acquired words might lead to 

these "novel" representations to become stabilized and integrated into lexico-semantic memory, 

leading to a more focalized N400 response over centro-parietal regions that is typically found to 

already known words.  

2.2.2. Early Effects and Phonological Expectations  

In priming and anomaly paradigms where the incoming target word is presented 

auditorily, there tends to be modulation of components as early as 100 msec in the P1-N1-P2 

complex (e.g., Friedrich & Friederici, 2005; Torkildsen et al., 2007). For instance, Friedrich and 

Friedrici (2005) reported differences in adults and 19-month-olds between incongruent and 

congruent conditions from 100-250 msec early in the PNP complex in a cross-modal picture-

word task. Other research shows that the PMN negativity between 250-350 msec preceding the 

well-known N400 effect reflects a pre-lexical stage of processing in which the acoustic 

properties of an incoming word is compared with an expected template (e.g., Connolly & 

Phillips, 1994; Desroches, Newman, & Joanisse, 2009; e.g., Newman, Connolly, Service, & 

McIvor, 2003; D’Arcy, Connolly, & Crocker, 2000; Hagoort & Brown, 2000). There is some 
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overlap in timing and distribution of the PMN and N400 effects which can make the separation 

and identification of these two components difficult. However, results from psychophysiological 

studies lend support to the notion that the PMN and the N400 represent distinct aspects of 

language processing.  

Perhaps the strongest evidence that the PMN is functionally distinct from the N400 and 

reflects phonological rather than semantic processing comes from priming studies showing that it 

is elicited to meaningless, non-words that violate acoustic expectations, while the N400 is not. In 

one such study, Connolly and colleagues (2001) presented participants with a written word (e.g., 

"House") or non-word ("Telk") followed by a brief auditory presentation of a cue letter (e.g., M 

or W). Participants were instructed to anticipate the target word or non-word formed by 

substituting the written word’s initial letter with the cue letter (e.g., Mouse or Welk). Participants 

then heard an auditory target word or non-word that either matched or mismatched (e.g., Mouse 

or Blouse; Welk or Delk) their expectations. Results showed that, for both words and non-words, 

violations of phonologically based expectations elicited a significant PMN from 250-347 over 

fronto-central electrode sites, while the N400 was elicited only by violations for real words (see 

also D’Arcy, Connolly, Service, Hawco, & Houlihan, 2004; Kujala, Alho, Service, Ilmoniemi, & 

Connolly, 2004; Newman & Connolly, 2009; Newman et al., 2003). Source localization analyses 

in Connolly et al. (2001) showed that the PMN was localized to left posterior inferior frontal 

areas (BAs 44/45) as well as left inferior parietal regions (BAs 39/40) (D’Arcy et al., 2004). 

These and other findings showing that the PMN occurs when non-words violate phonological 

expectations indicate that it likely reflects a pre-lexical stage of word processing in which the 

initial phonemic sequence of a phonological form is compared to an expected phonological form.  
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In word learning studies researchers often report earlier divergences that precede the 

N400 effect, but they do not characterize it as separable effects and instead interpret them as an 

earlier deflection preceding the N400. For example, Friedrich and Friederici (2008) and 

Torkildsen et al. (2008) report significant differences between incongruent and congruent trials 

in an early time window (e.g., 200-600 msec and 200-400 msec, respectively) that preceded the 

later N400 time window in infants (e.g., 600-1000 msec), but they interpreted the earlier effects 

as an extension of the later-occurring N400. Junge et al. (2012) found an earlier divergence 

between 200-300 msec that they interpreted as a separable PMN effect because there was a time 

window between this effect and the subsequent N400 in which the divergences were statistically 

non-significant. In the current research, I characterize early congruity effects (i.e., differences 

between congruent and incongruent waveforms) occurring over the P1-N1-P2 complex and 

subsequent PMN time window as reflecting the acoustic/phonological analysis of the incoming 

word, and later congruity effects that encompass the N400 negativity as reflecting semantic 

processing. 
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Chapter 3: Event-Related Potentials to Novel Words Taught in Cross-Situational Learning 

I conducted two pilot experiments in this Chapter. The primary goal of these pilot 

experiments was to develop the training-ERP testing paradigm and ensure that the novel word 

stimuli elicited cortical auditory evoked potentials with appropriate components and waveform 

morphology. The ERP data also provided an opportunity to gain preliminary evidence of the 

nature of lexical representations adults and children acquired in the cross-situational training. 

3.1. Experiment 1: Adults' Cross-Situational Word Learning 

In the first pilot experiment, adult participants were instructed to learn the new word-

object pairs and completed three familiarization trials before the training. After training 

participants had their ERPs recorded in the matching paradigm. 

3.1.1. Method 

3.1.1.1. Participants 

There were 8 adult participants volunteers (4 men, 4 women) who participated in this 

pilot study.  

3.1.1.2. Stimuli  

The auditory stimuli were 11 disyllabic novel words that were phototactically legal in 

English: "bemkin", "bosa", "colat", "danu", "daxen", "foppick", "gasser", "hiplex", "regli", 

"tanzer" and "wenkil". Three of the words ("danu", "foppick", and "wenkil") appeared in the 

familiarization phase of the cross-situational learning task and the other eight during the cross-

situational training and ERP testing (see Table 1, Figure 1 below for acoustic properties of novel 

words used in ERP testing). For all experiments in this thesis, a female speaker of standard 

Canadian English who was unaware of the purpose of the study produced the words. They were 
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recorded using an Edirol R-09 Wave/MP3 recorder (24-bit/96 kHz) in a sound-attenuating room. 

The stimuli were modified using Praat software (Boersma & Weenink, 2018) to create an 

individual sound file for each word.  

 

 

Figure 1. Experiment 1 – Novel Word Waveforms  

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Praat display of the waveforms of the novel words in Experiment 1 ERP testing. The dotted line 

shows the expected start time of the phonological mapping negativity effect at 250 msec. Sound pressure 

is plotted on the y-axis. 
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Table 1. Experiment 1 Novel Words 

 

For the visual stimuli, the eight novel words were paired with eight pictures of novel 

objects (see Figure 2). The pictures were created by photographing novel objects which served as 

inanimate, toy-like objects in a previous study of word learning. The objects were therefore 

brightly coloured, intrinsically interesting, and had been originally created to have features which 

could be acted upon during playtime (Figure 2).  

Figure 2. Pictures of Novel Objects Used in all Experiments  

        

 

 

 

 

 

Note. Stimuli used during the cross-situational training and ERP testing procedure in all experiments. 

 

Phoneme Word Manner of 

Articulation 

Place of 

Articulation 

Duration 

(msec) 

VOT 

(msec) 

Pitch 

(Hz) 

Intensity 

(dB) 

/b/ 

/b/ 

/k/ 

/d/ 

/g/ 

/h/ 

/ɹ/ 

/t/ 

Bemkin 

Bosa 

Colat 

Daxen 

Gasser 

Hiplex 

Regli 

Tanzer 

Stop 

Stop 

Stop 

Stop 

Stop 

Fricative 

Approximant 

Stop 

Bilabial 

Bilabial 

Velar 

Alveolar 

Velar 

Glottal 

Alveolar 

Alveolar 

559.2 

487.0 

587.8 

584.4 

569.2 

670.9 

488.7 

671.0 

0 

18.1 

103.8 

20.4 

26 

13.6 

18.1 

130.4 

163.2 

165.4 

260.7 

163.4 

171.7 

311.6 

159.7 

210.8 

66.5 

72.7 

69.8 

65.1 

69.1 

64.7 

70.4 

66.4 
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3.1.1.3. Procedure 

All experiments took place in a dimly lit, sound-attenuated testing room. Participants 

were seated comfortably approximately 2-3 feet away from a 21.5" monitor (Dell E2214H). All 

experiments used the same apparatus. The stimuli were presented using E-Prime 2.0, running on 

a personal computer (Dell OptiPlex 7020). The experimenter controlled the experiment through 

this stimulus presentation computer out of sight from participants.  

After receiving informed consent, the experimenter and a research assistant fitted 

participants with a 128-channel geodesic sensor net. Following successful net application, 

participants completed a cross-situational word learning task which lasted about 2.5 minutes 

(Figure 3a). After a 5-minute delay participants then completed a visual-picture spoken word 

ERP matching paradigm which lasted approximately 5 minutes (Figure 3b). 
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Figure 3. Experiments 1-4 – Stimulus Display and Trial Timing of Tasks 

 

 

 

 

 

 

 

 

      

 

 

 

 

Note. Panel A shows schematic representation of trial structure for the cross-situational training phase 

with illustrative example of stimuli in Block 1. Panel B shows the time structure of a single trial in the 

congruent and incongruent conditions in the picture-word ERP matching paradigm.  

3.1.1.3.1. Cross-Situational Word Learning Task 

The experimenter prompted participants to attend to the computer by saying, “I'm going 

to show you some pictures and you're going to hear some words, so please watch and listen 

carefully. Your task is to think about which word goes with which object.” Participants then saw 

two fixed-order familiarization trials. In the first trial, two novel objects (which were not used in 

the subsequent training phase) were shown side by side while participants heard two novel words 

B) Visual-Picture/Spoken-Word Matching ERP Paradigm 

Tanzer … 
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Regli … 

Bemkin 

Colat … 
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Hiplex 
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A) Cross-Situational Word Learning Task  
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("wenkil", "danu"). In the second trial, participants again saw two objects, one of which was 

shown in the first trial and a second which was completely novel, and heard two novel words, 

one of which was presented in the first learning trial and a second which was completely novel 

("danu","foppick"). On each familiarization trial, a fixation cross appeared for 1 to 1.5 seconds, 

followed by pictures of two novel objects (7.59 x 6.40 cm) that appeared side by side on the 

computer screen for 4 seconds. The onset of the pictures was followed 500 msec later by the two 

novel words that corresponded to the two pictures – each said with a 500 msec pause between. 

Across trials, the temporal order of the words and spatial order of the objects were varied such 

that there was no relation between temporal order of the words and the spatial position of the 

referents. A test trial immediately followed the presentation of the two trials. Participants were 

shown the two objects and the experimenter asked them to identify the referent for a novel word 

that they learned in the previous two trials. For example, the experimenter asked, "which one is 

the danu?".  

The training phase immediately followed familiarization. The experimenter said “Great! 

Now you will see new objects and hear new words, so please watch and listen carefully!”. The 

eight new word-object pairings were taught across 16 training trials which had an identical 

structure as the familiarization trials. The 16 training trials were presented across four blocks 

(see Figure 3a for an example of the first block). Within a single block, each word-object pairing 

was presented once, and so across the four blocks each word-object pairing was repeated four 

times. Across trials the left-right locations of objects and the order with which their 

corresponding names were heard were constrained so that the object on the left was the target 

referent for the first aurally presented word on half the trials and the target referent for the 

second aurally presented word on the other half. Each of the eight word-object pairings appeared 
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once before any given pairing was repeated and no word-object pairing appeared in back-to-back 

trials. There was a 5-minute delay following training. 

3.1.1.3.2. Visual-Picture/Spoken-Word ERP Matching Paradigm 

The primary dependent variable of interest were ERPs recorded to spoken words in the 

visual-picture/spoken-word matching paradigm. The experimenter introduced the testing 

procedure to adults as a task in which they would see pictures of objects and then hear words that 

either matched or did not match the picture. Participants experienced 80 structurally identical 

testing trials on a computer monitor across 5 blocks (16 trials per block). The trial structure of 

the testing trials was as follows: each trial began with a fixation cross for 1000 msec. Then, a 

picture of an object appeared. After an interval randomized between 1000-1500 msec from 

picture onset, children heard a word spoken through the computer speakers. ERPs were recorded 

to onset of the spoken word.  

 The independent variable was congruity – whether the words participants heard were 

incongruent or congruent with the picture context that preceded it. Over the 80 testing trials, 

there were 40 congruent trials in which participants saw a picture of a novel object and then 

heard its correct label and 40 incongruent trials in which participants saw a picture of a novel 

object and then heard an incorrect label (i.e., a label for a different object).  

3.1.1.3.3. EEG/ERP Recording and Data Processing 

I recorded participants' electroencephalogram (EEG) during the visual-picture/spoken-

word matching ERP paradigm using a Hydrocel Geodesic Sensor Net consisting of 128 Ag/AgCl 

electrodes (Tucker, 1993). EEG activity was recorded in all channels in reference to the vertex 

electrode (Cz), sampled at 250 Hz, and digitally filtered the activity between .01 and 200 Hz 
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(time constant = 1s). Electrode impedances were brought below 40 kΩ before the task began, and 

recorded EEG continuously throughout the testing trials. 

I processed the raw EEG signals using the following steps. First, I filtered the signals. I 

used a 0.1–20 Hz band-pass digital filter to remove environmental noise. Second, I detected bad 

channels by inspection and interpolated the bad channels using a spherical spline in the 

NetStation software (EGI, Eugene, OR). Next, I segmented continuous data into discrete trials 

corresponding with the incongruent and congruent conditions for both novel and familiar words. 

I identified trials that contained large or paroxysmal artifacts by visual inspection and removed 

those trials from further analysis. I then submitted the data to the extended runica routine of 

EEGLAB software (Delorme & Makeig, 2004), a function for automated infomax independent 

component analysis decomposition algorithm (ICA; Makeig, Jung, Bell, Ghahremani, & 

Sejnowski, 1997). I identified and removed ICA components that were judged to contain ocular 

artifacts (i.e., blink, horizontal movement, vertical movement) from scalp topographies and the 

component time series. The ICA-cleaned data epochs that contained improbable data (4 standard 

deviations threshold) were rejected using EEGLAB. I averaged these trials to create ERPs for 

each participant and re-referenced these single-subject averages to the average reference with a 

100 ms pre-stimulus baseline. 

3.1.1.3.4. ERP Statistical Analyses  

The primary goal of the pilot experiments was to ensure that the novel word stimuli 

elicited cortical auditory evoked potentials with appropriate components and waveform 

morphology. Although inferential tests were not the most important part of the pilot studies, I did 

take the opportunity to conduct the kinds of statistical analyses that I would eventually apply to 
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the full sample analyses in Chapters 4 and 5. Findings from these inferential statistical tests on 

pilot data can provide preliminary evidence on the relevant research questions.  

The ERP analysis plan implemented across all experiments was as follows. First, I 

conducted a cluster-based bootstrap test (e.g., Maris & Oostenveld, 2007) comparing the within-

subjects effect of congruity (i.e., differences between congruent and incongruent trials) on ERPs. 

This analysis is a non-parametric statistical test that offers a solution to the problem of multiple 

comparisons for data collected simultaneously from multiple channels that are spatially close to 

each other, and takes full advantage of the wealth of information inherent in rich EEG/ERP 

datasets (Groppe, Urbach, & Kutas, 2011; Keil et al., 2014). In this purely data-driven approach, 

a large number of univariate tests can properly be used to compare ERPs at each sensor-time 

pairing while both strictly controlling for multiple comparisons and maintaining optimal 

sensitivity to potential signal differences (Frehlich et al., 2016; Groppe et al., 2011; Pernet, 

Latinus, Nichols, & Rousselet, 2015). 

The cluster-based bootstrap test involved three steps. First, I grouped together all 

spatially and temporally adjacent data points that exhibited a similar difference in sign and 

magnitude (p < .05) as assessed by Wilcoxon signed-ranks tests to form empirically generated 

‘clusters’ (Maris & Oostenveld, 2007). Second, I calculated a cluster-mass statistic for each 

cluster by summing together the negative (natural) logarithm of the p-values for all samples that 

belonged to a particular cluster (Wu, Barr, Gann, & Keysar, 2013). Lastly, I created null-

hypothesis distributions for cluster-mass statistics at each time point and channel through a 

nonparametric bootstrapping procedure with 1000 iterations and established the probability of 

observed cluster-mass statistics within those distributions. I then plotted the results of the cluster-

based bootstrap test on 2D maps or raster diagrams as in Groppe et al. (2011) to examine when 
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and where statistically reliable congruity effects occurred. In order to confirm the results of the 

cluster-based bootstrap test and also to ensure comparability with other studies, I conducted more 

traditional paired-samples t-tests on ERP potentials averaged over the time-window and 

electrodes identified by the cluster-based bootstrap analysis. Of course, these analyses are not 

independent of the cluster-based analysis, but nonetheless provide a more traditional assessment 

of mean differences in component amplitudes. 

3.1.2. Results  

 There were similar numbers of trials for incongruent (M = 33.5, SE = 1.96) and congruent 

conditions (M = 34.38, SE = 1.48), t(7) = -0.90, p = .40. Results from the cluster-based bootstrap 

test revealed that adults demonstrated a significant early congruity effect from 140-208 msec 

over left centro-parietal sites (C5, CP5, CP3) (Figure 4). This effect encompassed the N1 

component peaking at 168 msec and was characterized by enhanced negativities for congruent 

(M = -2.03, SE = 0.59) relative to incongruent (M = -1.14, SE = 0.48) trials, paired t-test, t(7) = 

2.85, p = .025, CI95%: [0.15, 1.63], Cohen's d = 1.01. Thus, the only congruity effect occurred 

over the left central/centro-parietal N1 component.  
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Figure 4. Experiment 1 Results – Novel Word Congruity Effects 

 

 

 

 

 

 

 

Note. a) Topographical maps illustrating statistically significant congruity effects (p-values) over left 

centro-parietal sites according to the cluster-based bootstrap test (p <.05) and raw electrical voltage 

differences between incongruent and congruent waveforms. b) Grand-averaged ERP waveforms averaged 

over left centro-parietal sites. Blue line indicates incongruent waveforms and red lines indicate congruent 

waveforms. The rectangle indicates a significant congruity effect (p <.05).  

 

One issue I explored following these results was if the acoustic properties of some of the 

novel words affected the morphology of the ERP waveforms and the characteristics of the early 

P1-N1-P2 complex. In particular, when generating the stimuli, I was aware that two of the novel 

words, "colat" and "tanzer", had long voice onset times (VOT) relative to the other words. VOT 

is defined as the time-period between the release of the mouthing for a consonant and the onset 

of the glottal (vocal cord) pulsing producing the voicing for the consonant (Lisker & Abramson, 

1964). VOT is thought to vary considerably depending on the consonant. For example, the 

voiceless, aspirated consonants in English (e.g., /p/,/t/,/k/) have a long-lag VOT, which can be 

distinguished from voiced stop consonants with shorter VOTs (e.g., /b/,/d/,/g/) (Abramson & 

Lisker, 1973). As Figure 1 shows, the words "colat" and "tanzer" were characterized by an initial 

release burst, but the voicing for these words began over 80 msec later than the other words (see 
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also Table 1). A second issue with these words was that they had a higher average pitch (M = 

235.75 Hz, SE = 24.95) and longer duration (M = 629.40 msec, SE = 41.60) relative to the other 

words with short VOTs (average pitch: 189.17 Hz, SE = 24.53; average duration: 559.90 msec, 

SE = 27.92). The initial burst and the delayed voicing coupled with the high average pitch for 

these words may have modulated characteristics of recorded signals and the overall morphology 

of the acoustic-related ERP signal. 

Previous research has shown that words or consonants with long VOTs (e.g., the word 

"peach" with a /p/ consonant onset) can affect the amplitude and latency of early-going auditory 

components such as the frontocentral/central N1 component (e.g., Pereira, Gao, Toscano, 2018; 

Roman, Canévet, Marquis, Triglia, & Liégeois-Chauvel, 2005; Sharma & Dorman, 1999; 

Steinschneider, Schroeder, Arezzo, & Vaughan, 1994; Toscano, McMurray, Dennhardt, & Luck, 

2010). I conducted exploratory analyses to test if VOT duration affected the amplitude and 

latency of the central N1-P2 and N2 components. Figure 5 shows adults' waveforms over central 

electrode sites elicited to two randomly selected short VOT words, "bemkin" and "regli", and the 

two long VOT words, "colat" and "tanzer". ERPs elicited to these words were selected regardless 

of whether the words were congruent or incongruent with the preceding picture context. There 

were similar numbers of trials for long (M = 16.75 trials, SD = 2.96) and short VOT words (M = 

17.75 trials, SD = 2.31), t(7) = 0.92, p = .39. There was little inter-subject variability in the 

latencies of the N1-P2 components. The peak N1 latency for long VOT words occurred earlier (M 

= 159 msec, SE = 2.90) than for short VOT words (M  = 174 msec,  SE = 4.84), t(7) = -3.60, p = 

.009, CI95%: [-25.68, -5.32], Cohen's d = 1.27. Similarly, the peak P2 latency was earlier for long 

VOT (M = 246.50 msec, SE = 3.54) than short VOT words (M = 278 msec, SE = 6.0), t(7) = -

5.55, p = .001, CI95%: [-44.93, -18.07], Cohen's d = 1.96. There was increased inter-subject 
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variability in the peak latency of the N2. I defined the peak latency of the N2 as the time point 

where the waveform reached a local minimum following the P2 peak. The N2 peak latency 

followed the same pattern for the N1-P2 components, with long VOT words exhibiting a peak 

latency that occurred earlier (M = 385, SE = 19.53) than short VOT words (M = 409.50, SE = 

22.44), but this effect only approached significance, t(7) = -2.12, p = .072, CI95%: [-51.81, 2.81], 

Cohen's d = 0.75. There was no evidence that VOT affected the peak amplitudes of the N1, P2, 

and N2 components (N1: mean for long VOT words = -3.59, mean for short VOT words = -4.13; 

P2: mean for long VOT words = 6.00, mean for short VOT words = 5.38; N2: mean for long 

VOT words = -0.22, mean for short VOT words = -0.89). 

Figure 5. Experiment 1 Results – Effect of VOT on ERP Waveform Morphology 

 

 

 

Note. Grand averaged ERP waveforms over electrodes C1, Cz, and C2 for long (gray) and short (black) 

VOT words. 

These explanatory analyses revealed that ERPs elicited by the two novel words with long 

VOTs were characterized by N1-P2-N2 components with earlier peak latencies than words with 

short VOTs. Including ERPs elicited by the long VOT words in the grand-averaged incongruent 

and congruent conditions would result in increased variability of the peak latencies of these 

components. One potential consequence of this increased variability may be smaller amplitude 

difference of the averaged ERP for incongruent and congruent conditions, which would affect 

the likelihood of detecting condition differences (e.g., Ford, White, Lim, & Pfefferbaum, 1994).  
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Given this possibility, I conducted a second cluster-based bootstrap test comparing 

congruent and incongruent conditions excluding ERPs elicited to the words "colat" and "tanzer". 

I also excluded ERP signals to the word "hiplex" because of its long duration (670.9 msec) and 

high average pitch (311.6 Hz) relative to the other short VOT words with voiced consonant 

onsets. There were similar numbers of trials for incongruent (M = 20.62, SE = 1.40) and 

congruent words (M = 21.75, SE = 0.98), t(7) = -1.14, p = .29. Results revealed two congruity 

effects. The first effect occurred from approximately 124-208 msec over left fronto-central (FC5, 

FC3), central (C5, C3, C1), and centro-parietal (CP3, CP1) electrode sites. This replicated the 

early effect in the first analysis, but here the effect extended to left fronto-central sites. ERPs to 

congruent words were significantly more negative (M = -1.88, SE = 0.44) than incongruent 

words (M = -0.83, SE = 0.37), t(7) = -4.39, p = .003, CI95%: [-1.61, -0.48], Cohen's d = 1.55 

(Figure 6). The effect encompassed the frontocentral N1 that peaked at approximately 165 msec 

over these sites. 

A second congruity effect emerged from the second cluster-mass analysis. It occurred 

from 364-444 msec over right posterior electrode sites (P6, T6/P8, P10, TP10, and PO8). This 

effect was characterized by an enhanced negative wave for incongruent (M = 0.11, SE = 0.51) 

relative to congruent trials (M = 1.17, SE = 0.58), t(7) = 3.24, p = .014, CI95%: [0.29, 1.84], 

Cohen's d = 1.14. This effect encompassed a negative component that peaked at 392 msec in the 

incongruent condition over these electrode sites. Thus, a cluster-based bootstrap test comparing 

incongruent and congruent waveforms excluding the two words with long VOTs and the word 

"hiplex" yielded a significant congruity effect that occurred after the early N1 effect. Given the 

timing, scalp location, and pattern of responses for incongruent versus congruent words in the 

matching paradigm, I interpret this later effect as an N400 effect.  
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Figure 6. Experiment 1 Results – Excluding Long VOT Words and the Word "Hiplex"  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Note. Experiment 1 congruity effects to novel words in adults with grand averaged waveforms excluding 

ERPs to words "colat", "tanzer", and "hiplex". A) Topographical maps illustrating, on the top row: 

statistically significant congruity effects according to the cluster-based bootstrap test (p <.05), and on the 

bottom row: raw congruity effects (differences between incongruent and congruent waveforms). Panel B) 

Grand averaged waveforms in the congruent (red) and incongruent (blue) conditions for selected 

electrodes demonstrating N1 and N400 effects. Rectangles indicate time windows in which the condition 

differences met statistical significance criteria (p <.05).   

 

N400 A) 

Difference waves: 
Incongruent 

minus congruent 

p-values from 
cluster-based 
bootstrap test 

N1 

N1 N400 

B) 



 

43 

 

3.1.3. Discussion  

 In this first pilot experiment, I developed a novel cross-situational training-ERP testing 

procedure to investigate the nature of representations in cross-situational learning. Adult 

participants were told that they would see pictures of objects and hear their words, and that their 

task was to identify which object went with which word. Their auditory ERPs exhibited the 

typical P1-N1-P2 complex, providing confidence that the paradigm elicited cortical auditory 

evoked potentials with appropriate morphologies.  

Results also showed that adults demonstrated an early divergence encompassing the N1 

component. This effect was characterized by enhanced N1 amplitudes for words that were 

congruent versus incongruent with the preceding picture context. The presence of the N1 

congruity effect provides preliminary evidence to suggest that participants compared the acoustic 

signal of the incoming target word with an expected template of a word form that was activated 

because of the preceding picture context. This pattern of results would only be expected if 

learners encoded an association between the words and objects taught during training. 

Research shows that the N1 varies as a function of acoustic factors (see Näätanen & 

Picton, 1987 for a review). Factors such as stimulus frequency (Antinoro & Skinner, 1968; 

Picton, Woods, & Proulx, 1978), intensity (Davis & Zerlin, 1966; Picton et al., 1978), rate of 

stimulation for repeating stimuli (Picton et al., 1978), and phonetic differences in speech sounds 

(Lawson & Gaillard, 1981; Sharma & Dorman, 1999) all affect the amplitude of the auditory N1 

component. In addition, the N1 is affected by non-auditory factors such as selective attention, 

with enhanced N1 negativities to attended auditory stimuli in adults (e.g., Hansen & Hillyard, 

1980; Picton & Hillyard, 1974; Sanders, Stevens, Coch, & Neville, 2006; Stevens, Lauinger, & 

Neville, 2009; Stevens, Sanders, & Neville, 2006).  
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In the current experiment, identical word stimuli were used to generate the incongruent 

and congruent waveforms. That is, during testing the word "bemkin" appeared five times as an 

incongruent target word and five times as a congruent target word1. Given this fact, the early N1 

effect likely does not reflect acoustic differences. Rather, it likely reflects participants' generation 

of an expectation about an upcoming speech stimulus upon seeing the preceding pictorial context 

(Friedrich & Friedrici 2005; Duta et al., 2012, Blonte & Blomert, 2004). The early N1 effect 

subsided around 208 msec and there was no evidence for the subsequent PMN effect which tends 

to occur between 250-350 msec. Thus, although adults showed sensitivity to the phonological 

mismatch, there was better evidence that this phonological sensitivity manifested on the early N1 

component than on the PMN component.  

 Exploratory analyses revealed that the words "colat" and "tanzer" elicited ERP 

waveforms with peak N1-P2-N2 latencies that occurred earlier than those elicited by novel word 

stimuli with voiced consonant onsets. Including ERPs to these words in the grand-averaged 

waveforms may have added noise to the signal and increased the latency variability of these 

components. The increased latency variability would ultimately impact inferences about 

statistical differences between incongruent and congruent conditions. In addition, the word 

"hiplex" had a long duration and high average pitch relative to the other voiced consonant onset 

words. Given this evidence I conducted a second cluster-based bootstrap test comparing 

incongruent and congruent conditions excluding ERPs to the words "colat", "tanzer", and 

"hiplex." 

 

1 Although identical stimuli were used, we should expect some minor differences in the trials included in 

the final analyses for each participant due to random variation. 
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Results from this second analysis revealed two congruity effects. The first replicated the 

early N1 congruity effect in which congruent words showed enhanced N1 negativities. The 

second congruity effect emerged from 350-450 msec over right posterior electrode sites. The 

timing, morphology, and pattern of responses characterizing this effect suggests that it reflects an 

N400 effect. Previous adult ERP word learning studies have found an N400 effect over right 

posterior electrode sites. For example, in Perfetti et al. (2005) adult participants learned the 

meaning of 60 rare words such as "gloaming" for 45 minutes (i.e., they were shown a flashcard 

with the rare word on the front and its definition on the back "the twilight period before dark"). 

Later in a semantic judgment task participants demonstrated an enhanced N400 negativity over a 

cluster of right parietal electrode sites surrounding P4 when the rare target word preceded an 

unrelated probe word (e.g., "gloaming-cat") relative to a related probe word (e.g., "gloaming-

evening") (see also Mestres-Missé et al., 2007; Bakker, Takashima, van Hell, Janzen, & 

McQueen, 2015; Borovsky et al., 2010; 2012). Evidence of an N400 effect in the current pilot 

experiment provides preliminary evidence to suggest that adults encoded semantic 

representations for new word meanings in the cross-situational learning task. 

In summary, adults' ERPs to the novel words exhibited the typical P1-N1-P2 complex, 

providing confidence that the paradigm elicited cortical auditory evoked potentials with 

appropriate morphologies. Comparing incongruent and congruent conditions excluding 

waveforms to high VOT words revealed two congruity effects: an early N1 and a later N400 

effect. The presence of these effects suggests that adults attended to the word-object information 

during training, associated the novel word forms with the objects they co-occurred with, and 

assigned meaning to the new words.  
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3.2. Experiment 2: 4-Year-Olds' Cross-Situational Learning  

In the second pilot experiment I extended the combined cross-situational training-ERP 

testing procedure to a sample of 4-year-olds. Previous behavioral work has shown that 4-year-

olds successfully retain and retrieve cross-situational word-object pairs on both an immediate 

and a 5-minute delayed comprehension test (Vlach & Debrock, 2019; Hartley et al., 2020). Thus, 

I expected 4-year-olds in the current study to encode long-term lexical representations for the 

new words.  

I made the following changes to ensure that the procedure was amenable to use with 

children. First, I replaced the words "colat, "tanzer", and "hiplex" with "modi", "doasit", and 

"gombi". These replacement words were chosen because they all had a voiced consonant onset. 

Previous research shows that voiced /m/, /g/, and /d/ onsets elicit auditory N1 components with 

similar latencies and amplitudes as other voiced consonant onsets (Pereira & Toscano, 2016). I 

retained from the first pilot experiment the five novel words that had voiced consonant onsets: 

"bemkin", "bosa", "daxen", "gasser" and "regli". 

Second, I modified the familiarization routine used before the cross-situational learning 

task. Children were not explicitly told that their task was to identify which word went with object 

and they did not complete a familiarization routine with three novel words. I made these change 

because piloting with a separate sample of 4-year-olds indicated that children had difficulty with 

completing this familiarization routine. Instead, children experienced familiar object labeling in 

which they saw pictures of familiar objects (e.g., picture of a brass key) and heard their 

corresponding basic-level label ("key"). This procedure was intended to familiarize children with 

the structure of the task and to demonstrate that there was no relationship in the order in which 

they heard the words and the left-right location of the corresponding pictures on the screen. 
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Lastly, I recorded children's processing of familiar word-object pairs during ERP testing. 

I did this to ensure that children were processing the information during test and to confirm that 

the matching paradigm elicited the early and later congruity effects as shown in previous 

research with younger children (e.g., Friedrich & Friederici, 2005).  

3.2.1. Method 

3.2.1.1. Participants 

Ten 4-to-5-year-olds (3 females; mean age: 54 months 14 days; age range: 49 to 60 

months) participated in this second pilot experiment. Data from one additional child was 

excluded due to not providing reliable electrophysiological data. All children were drawn from a 

database of primarily white, middle-class population in Eastern Ontario, Canada. Children were 

tested between December 2018 and February 2019. All children were tested in the lab, and 

signed consent was obtained from one of the participants' parents or legal guardians. Children 

received either $10 gift certificate or a T-shirt as thanks for their participation. This study had 

cleared ethics from the Queen’s University Institutional Ethics Review Board. 

3.2.1.2. Stimuli 

The final words were the five words from Experiment 1 that had voiced consonant 

onsets, "bemkin", "bosa", "daxen", "gasser" and "regli", and the three replacement words, 

"modi", "doasit", and "gombi" (Figure 7a, Table 2). The familiarization phase of the cross-

situational word learning task consisted of four familiar word-object pairings ("key", "jacket", 

"shovel", and "hammer") selected from the MacArthur-Bates Inventory (Fenson, Marchman, 

Thal, Dale, Reznick, & Bates, 2007). During ERP testing, familiar word processing was assessed 

using four word-object pairings from the inventory: "broom", "button", "glasses", and "money" 
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(Figure 7b, Table 2). These familiar word-object pairs differed from those used in the 

familiarization in the cross-situational task.  

 

Figure 7. Experiment 2 – Novel and Familiar Word Waveforms 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Praat display of the waveforms of a) the replacement novel words and b) familiar words in 

Experiment 2 cross-situational learning and ERP matching paradigm. The dotted line shows the expected 

start time of the phonological mapping negativity effect at 250 msec. Sound pressure is plotted on the y-

axis. 

 

a) Replacement Novel Words

    

   b) 

b) Familiar Words 
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 Table 2. Experiment 2 Novel and Familiar Words 

 

For the visual stimuli, the eight novel words were paired with the same eight pictures of 

novel objects used in the first pilot experiment. For the familiar words used in the familiarization 

phase and the ERP testing, pictures of familiar objects were used that corresponded with their 

familiar labels (see Figure 8 below).  

Figure 8. Experiment 2 Pictures of Familiar Objects  

   

 

 

 

 

 

3.2.1.3. Procedure 

Phoneme Word Manner of 

Articulation 

Place of 

Articulation 

Duration 

(msec) 

VOT 

(msec) 

Pitch 

(Hz) 

Intensity 

(dB) 

/m/ 

/d/ 

/g/ 

Modi 

Doasit 

Gombi 

Stop 

Stop 

Stop 

Bilabial 

Alveolar 

Velar 

523.8 

533.9 

497.0 

16.7 

16.4 

19.3 

184.6 

227.4 

168.2 

73.0 

73.1 

73.1 

/b/ 

/b/ 

/m/ 

/g/ 

Button 

Broom 

Money 

Glasses 

Stop 

Stop 

Stop 

Stop 

Bilabial 

Bilabial 

Bilabial 

Velar 

444 

456.7 

423.4 

627.2 

16.9 

18.3 

19.3 

29.8 

219.8 

172.6 

175 

238.9 

66.1 

69.3 

67.6 

67.5 

a) Familiarization phase 

    

  b) 

b) ERP testing 
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The experiment took place in the same testing room as in the first pilot experiment. 

Parents of children participants were given the choice of watching their child in the experiment 

room (sitting behind children who were facing computer) or in a waiting area through an iPad. 

After receiving informed consent, the experimenter explained to children that they would be 

wearing a "special hat" and then playing games at the computer. Then, the experimenter and a 

research assistant fitted participants with a 128-channel geodesic sensor net using a routine that 

we have used in previous experiments in our lab (e.g., Mangardich & Sabbagh, 2018). 

3.2.1.3.1. Cross-Situational Word Learning Task 

During the familiarization phase the experimenter prompted children to attend to the 

screen by saying "Okay, in this first game, you will see objects and hear words. Here are some 

examples.” Children then saw four fixed-order trials each 5 seconds long. These familiarization 

trials had the same structure as those used in the first pilot experiment, but children saw pictures 

of familiar objects and heard their familiar labels.  

The training phase immediately followed familiarization. The experimenter said “Great! 

Now you will see new objects and hear new words, so please watch and listen carefully!”. The 

eight new word-object pairings were taught across 16 training trials which had the exact same 

structure as the familiarization trials. After the training phase, there was a five-minute delay in 

which children participated in unrelated activity (e.g., coloring a picture book, having juice and 

crackers). 

3.2.1.3.2. Visual-Picture/Spoken-Word ERP Matching Paradigm  

In addition to the 40 novel-congruent and 40 novel-incongruent trials, children also 

completed 40 familiar-congruent and 40 familiar-incongruent trials. The 180 test trials were 
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presented across 5 blocks, with each block presenting, in a randomized order, 8 trials in each of 

the novel-congruent, novel-incongruent, familiar-congruent, and familiar-incongruent conditions. 

After each block of 32 trials there was a break period in which children filled in a sticker sheet. 

The ERP matching procedure lasted approximately 15 mins. 

3.2.1.3.3. EEG/ERP Recording and Data Processing 

The same EEG recording apparatus was used for testing with children. The same EEG 

processing procedures were implemented except for the EEG filtering and automated artifact 

removal procedure in EEG lab. For children, I used a 0.3–20 Hz band-pass digital filter to 

remove environmental noise, slow-wave drifts, and muscle artifacts while preserving most of the 

original signal. The ICA-cleaned data epochs were subjected to algorithmic artifact detection that 

removed epochs containing abnormal spectra (± 35 dB amplitude change relative to baseline in 

the 0–2 Hz frequency window). 

3.2.1.3.4. ERP Statistical Analyses 

Same as first pilot experiment.  

3.2.2. Results 

3.2.2.1. Familiar Word Congruity Effects 

Children's grand-averaged auditory evoked potentials were as expected. Over fronto-

central sites (FC3) ERPs to familiar words was characterized by a positive component at a 

latency of about 128 msec and a negativity at about 188 msec, reflecting an early P1-N1 auditory 

complex. This complex was followed by a small positive deflection at approximately 308 msec 

(see Friedrich & Friederici, 2005a for similar patterns of activation by infants in a matching 

paradigm).  
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 The average number of trials included in the incongruent condition (M = 31.10, SE = 

1.11) was greater than the average number of trials for the congruent condition (M = 28.5, SE = 

1.54), t(9) = 2.57, p = .03, CI95%: [4.89, 0.31], Cohen's d = 0.81. Reporting the number of trial 

counts is important because the signal-to-noise ratio of the ERP improves as a function of the 

square root of the number of trials in an average (Keil et al., 2014). In their committee report on 

guidelines for conducting ERP research, Keil and colleagues (2014) indicate that significantly 

different number of trials per condition may be especially problematic when researchers compare 

peak values from each condition, such as the analyses I conducted in section 3.1.2 (pg. 39). Here, 

the cluster-based bootstrap approach as well as the follow-up paired t-tests did not rely on peak 

measures to investigate condition differences and so were less affected by the issue of uneven 

trial counts per condition. Nevertheless, I chose to report average trial counts per condition to 

identify any possible trends in children's processing. 

The cluster-based bootstrap test comparing incongruent and congruent conditions for 

familiar words revealed a significant congruity effect from approximately 448 msec over a 

number of left lateralized electrode sites including centroparietal (CP5, CP3, CP1), central (C5, 

C3), and temporal (T3/T7, TP7) areas (Figure 9). On most of these sites the effect lasted until 

approximately 532 msec, and over lateral sites (C5, T3/T7, TP7) the effect persisted longer until 

624 msec. On left centro-parietal electrode sites there was a clear N400 component that peaked 

at approximately 472 msec in the incongruent condition grand-averaged waveform. A paired 

samples t-test on electrical potentials averaged across the electrode sites and 448-532 msec time-

window identified by the cluster-based bootstrap test revealed that incongruent trials were 

significantly more negative (M = -3.24, SE = 1.13) than congruent trials  (M = -0.54, SE = 0.92), 

t(9) = -3.21, p = .011, CI95%:[-4.60, -0.80], Cohen's d = 1.02.  
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Figure 9. Experiment 2 Results – Familiar Word Congruity Effects  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Experiment 2 congruity effects to familiar words in 4-year-old children. A) Topographical maps 

illustrating, on the top row: statistically significant congruity effects according to the cluster-based 

bootstrap test (p < .05), and on the bottom row: raw congruity effects (differences between incongruent 

and congruent waveforms). Panel B) Grand averaged waveforms in the congruent (maroon) and 

incongruent (green) conditions for selected electrodes demonstrating N400 effects. Rectangles indicate 

time windows in which the condition differences met statistical significance criteria (p <.05).  
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3.2.2.2. Novel Word Congruity Effects 

 Over fronto-central sites (FC3) ERPs to recently acquired novel words was characterized 

by a positive component at a latency of 132 msec and a negativity at about 192 msec, reflecting 

an early P1-N1 auditory complex. This complex was followed by a small positive deflection at 

approximately 328 msec. Within the time-range of these early components, congruous words 

elicited more negative responses at lateral frontal sites, though these effects did not reach the 

threshold for significance. At posterior sites, there occurs a broad negative wave that was long-

lasting and characterized by enhanced negativities for incongruent relative to congruent words. 

The negative wave over these sites had three local maximums at about 140, 268, and 450 msec.  

There were similar numbers of trials for incongruent (M = 28.60, SE = 1.26) and 

congruent words (M = 29, SE = 1.34), t(9) = -0.54, p = .60. Results from the cluster-based 

bootstrap test revealed a congruity effect that emerged as early as 188 msec and lasted until 280 

msec over right occipital and parieto-occipital electrode sites (E76, E84, E91, PO4, PO8, O2) 

(Figure 10). Over right posterior electrode sites (e.g., E84, E91, O2, PO8) this effect 

encompassed a clear PMN wave in the incongruent condition that peaked at an average of 268 

msec. A paired samples t-test on electrical potentials averaged across the electrode sites and 188-

280 msec time-window identified by the cluster-based bootstrap test revealed that incongruent 

trials were significantly more negative (M = -2.20, SE = 0.88) than congruent trials (M = 1.67, 

SE = 0.98), t(9) = -2.24, p = .051, CI95%: [-7.78, 0.03], Cohen's d = 0.71. There was no other 

significant congruity effect.  
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Figure 10. Experiment 2 Results – Novel Word Congruity Effects 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Experiment 2 congruity effects to novel words in 4-year-old children. A) Topographical maps 

illustrating, on the top row: statistically significant congruity effects according to the cluster-based 

bootstrap test (p <.05), and on the bottom row: raw congruity effects (differences between incongruent 

and congruent waveforms). Panel B) Grand averaged waveforms in the congruent (red) and incongruent 

(blue) conditions for selected electrodes demonstrating PMN effects. Rectangles indicate time windows in 

which the condition differences met statistical significance criteria (p < .05).  
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3.2.3. Discussion 

For familiar words, four-year-olds showed a robust N400 congruity effect from 

approximately 450-530 msec over left centro-parietal electrode sites. This result converges with 

previous findings showing that young children demonstrate a broadly distributed, long-lasting 

negative wave in their ERPs when they process known words that are incongruous to pictures 

presented in a visual-picture/spoken-word matching paradigm (Friedrich & Friederici, 2004; 

2005a; 2005b). Thus, the visual-picture/auditory-word matching paradigm worked well with 4-

year-olds in the current study and indexed semantic processing. 

Children did not demonstrate any early effects preceding the N400 for familiar words. 

One reason may be that on 10 of the 40 trials in the incongruent condition children saw a picture 

of a button and heard the word "broom". On these trials the expected word and the incoming 

target word shared some overlap in their initial sound. Given this, children may have not 

engaged effortful phonological processing in these trials as in other trials where the incoming 

target word did not overlap in initial sound. Including these trials in the grand-averaged 

incongruent condition waveform may have affected statistical power and the ability to detect 

early effects. To test this possibility in Experiment 3, I ensured that these two words never co-

occurred together in the ERP testing paradigm (i.e., participants never saw a picture of a button 

and then heard 'broom', or vice versa). 

For novel words children showed an early effect from 188-280 msec but no subsequent 

N400 effect. This pattern was the reverse of that found for familiar words. The early effect 

encompassed the P2 and PMN over right posterior sites and was characterized by more negative 

responses for the incongruent condition. Visual inspection of waveforms showed that the 

electrode sites demonstrating the early effect also had a negativity that peaked around 450 msec. 
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However, the condition differences encompassing this negativity did not reach the threshold for 

statistical significance (see Figure 10b). Thus, the pattern of results from this pilot study suggest 

that 4-year-olds attended to the word-object information during training and acquired an 

association between the novel word forms and the objects they co-occurred with. However, they 

did not encode semantic representations for the new word meanings.  

3.3. General Discussion 

The findings from the two pilot experiments in this Chapter provide the groundwork for 

examining the lexical representations young children encode for new words taught in cross-

situational learning. Preliminary evidence from the second pilot experiment suggests that young 

children detected the phonological mismatch for words that were incongruent with the preceding 

picture context. This would only be the case if children attended to the new word-object pairs 

during training and encoded an association between the novel word forms and their referents. 
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Chapter 4: ERP Evidence for Meaning Acquisition in Cross-Situational Learning 

In the first full-scale experiment described in this Chapter, I used the same training and 

testing procedures as in the second pilot experiment but with a larger sample of 4-year-olds to 

allow for an appropriately powered investigation of congruity effects following cross-situational 

learning. Previous ERP word learning studies with young children report early effects with a 

moderate effect size while the N400 effect typically has a moderate-to-large effect size. For 

example, in Friedrich and Friederici (2008) 14-month-olds demonstrated an early congruity 

effect from 200-600 msec over electrode P4 with a Cohen's d = 0.75 (paired t(15) = -3.0, p < 

0.009). While the later occurring infant N400 effect from 600-1000 msec over the same electrode 

yielded a larger effect size of Cohen's d = 1.25 (paired t(15) = -5.0, p <.0002). Other studies 

report more modest estimates of effect sizes, but the same pattern holds: N400 effects appear 

more robust than the earlier-occurring divergences. For instance, Junge et al. (2012) found that 

9-month-olds showed an early effect and an N400 with effect sizes of η2 =.23 (approximate 

Cohen's d = 0.54) and η2=.28 (approximate Cohen's d = 0.59), respectively.  

In an apriori sample size analysis I had focused on identifying a sample size that would 

be sufficient to detect an N400 effect in 4-year-olds. I determined that a sample of around 20 

children would be sufficient to detect an N400 effect with an estimated effect size of Cohen's d = 

0.75 and 95% power in a paired samples t-test (one-tailed). This effect size was plausible given 

the previous findings of an N400 effect in infants with even larger effect sizes.  

Two additional stimuli and procedural changes were made in the current experiment. 

First, in contrast to the second pilot experiment with children, all novel words in the set began 

with a different voiced consonant segment. Thus, the words were distinguishable very early 

during spoken word recognition. Second, I administered a delayed comprehension test to 
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investigate children's retention of the newly acquired word-object pairings and to obtain 

behavioral results that can be compared to other studies in the literature. The test occurred 

approximately 20 minutes after training and immediately after the ERP testing procedure. 

4.1. Methods 

4.1.1. Participants 

 Twenty 4-year-olds (11 females; mean age: 51.35 months 13 days; age range: 45 to 58 

months) were included in the final ERP analyses2. Data from an additional seven children were 

excluded; four children did not provide reliable electrophysiological data and three children did 

not assent to putting the EEG net on. This proportion of attrition is similar to those found in other 

studies using ERPs in school-aged children (e.g., Coch, Maron, Wolf, & Holcomb, 2002). 

Children were tested between March 2019 and August 2019. All children were tested in the lab, 

and signed consent was obtained from one of the participants' parents or legal guardians. All 

children received either $10 gift certificate or a T-shirt as thanks for their participation. This 

study had cleared ethics from the Queen’s University Institutional Ethics Review Board. 

4.1.2. Stimuli 

The final set of words used were "bosa", "danu", "gombi", "foppick", "mido", "regli", 

"lorpen", and "wenkil" (Figure 11, Table 3). In the familiarization phase of the cross-situational 

learning task and during ERP testing, the same familiar word-object pairs were used from the 

 

2 Initially I had excluded data from 3 children because they provided less than 15 acceptable trials in at least one of 

the four conditions (first child: 23 novel-congruent, 14 novel-incongruent, 16 familiar-congruent, and 20 familiar-

incongruent; second child: 16, 16, 14, and 20; third child: 14, 16, 13, and 23). I decided to include these children's 

data in the analyses reported in the main paper because inspection of their single-subject ERP data indicated that 

they provided reliable data. Appendix B shows results from the sample of 17 children which is highly consistent 

with the results in the full sample. I was also unaware that one child was 3-years, 9 months on the date of 

participation. I chose to include this child's data because she provided reliable ERP data. Again, analyses on group-

averaged waveforms excluding data from this young child revealed very similar findings.  
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second pilot experiment. Five additional familiar word-object pairings were used: "car", "carrot", 

"chair", "magnet", and "shoe" in familiar label tests in the delayed comprehension task. Pictures 

of familiar objects were used that corresponded with their familiar labels (see Figure 12). 

Figure 11. Experiment 3 – Novel Word Waveforms 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Praat display of the waveforms of the novel words in Experiment 3 ERP testing. The dotted line 

shows the expected start time of the phonological mapping negativity effect at 250 msec. Sound pressure 

is plotted on the y-axis. 

Table 3. Experiment 3 Novel Words 

Phoneme Word Manner Place Duration 

(msec) 

VOT 

(msec) 

Pitch 

(Hz) 

Intensity 

(dB) 

/b/ 

/d/ 

/g/ 

Bosa 

Danu 

Gombi 

Stop 

Stop 

Stop 

Bilabial 

Alveolar 

Velar 

487.0 

493.3 

497.0 

18.1 

18.5 

19.3 

165.4 

161.3 

168.2 

72.7 

71.7 

73.1 
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4.1.3. Procedure 

 The cross-situational word learning task was identical to that used in the second pilot 

experiment. To eliminate any potential stimulus effects, I created two sets of pseudo-random 

order of training trials and two different sets of word-object pairings. The visual-picture/spoken-

word ERP matching paradigm and EEG/ERP recording/data processing procedures were 

identical to the second pilot experiment. Immediately following ERP testing, I administered the 

delayed comprehension test described below.  

4.1.3.1. Delayed Comprehension Test 

Upon completion of the ERP task, the experimenter re-positioned the computer screen 

within arms-reach of children. Children were introduced to the task as a final game in which they 

would see two pictures on the computer screen and then they would hear a word. They were told 

that their objective was to touch the picture that went with the word they heard. Children saw 13 

fixed-order trials; five were familiar label test trials intended to familiarize children with the 

testing procedure3 and eight were novel label test trials to provide a behavioral assessment of 

children's retention of word-object mappings (Figure 12). The same acoustic stimuli for the 

novel words were used. On each test trial, children were presented with two objects on the 

 

3 For the first five children the comprehension test did not include familiar label test trials. I found that without 

familiar label test trials children were confused by the sudden presentation of the novel word-object pairings on the 

first couple of trials. Thus, I excluded behavioral data from the first five children.  

/f/ 

/m/ 

/ɹ/ 

/l/ 

/w/ 

Foppick 

Mido 

Regli 

Lorpen 

Wenkil 

Fricative 

Nasal 

Approximant 

Lateral approx. 

Glide 

Labiodental 

Bilabial 

Alveolar 

Alveolar 

Bilabial 

495.8 

493.0 

488.7 

508.7 

497.9 

16.9 

16.2 

18.1 

28.5 

0 

205.2 

167.7 

159.7 

165.2 

165.1 

69.8 

72.6 

70.4 

70.9 

68 
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computer screen for 2 seconds, and then they heard a word that corresponded to one of the two 

objects. Children who did not respond were prompted with a question asking them to identify the 

target (i.e., "which one is the car?"). The delayed comprehension test lasted approximately 2 

minutes. 

Figure 12.  Experiments 3-4 – Delayed Behavioral Comprehension Test 

 

 

 

 

 

 

Note. Fixed trial order of delayed behavioral comprehension test used in Experiments 3 and 4. 

4.1.3.2. sLORETA Source Localization Analyses 

In addition to the ERP analyses, I used standardized low-resolution electromagnetic 

tomography (sLORETA; Pascual-Marqui, 2002) to estimate regions of the brain that were the 

most probable contributors of any reliable scalp congruity effects. sLORETA calculations 

produce pseudo-statistic values that reflect estimates of activity as amplitude of the computed 

current source density at each of the 6,430 voxels (spatial resolution 5mm) in the neuroanatomic 

Montreal Neurological Institute (MNI) space (Pascual-Marqui, 2002). sLORETA has received 

both theoretical and experimental validation regarding its main property of correct localization 

(see Pascual-Marqui et al., 2009 for a review). 

   

Car Carrot Danu 
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Experiment 3 and 4: Delayed Behavioral Comprehension Test 
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 I characterized sLORETA activation over four, left-lateralized regions-of-interest (ROIs) 

because of their proposed involvement in generating the PMN and N400 congruity effects: the 

pMTG (comprised of 112 voxels, BA21), the ATL (76 voxels, BA38), BA 39/40 (266 voxels) 

and BA44/45 (57 voxels). I conducted a repeated measures ANOVA with within factors 

congruity (incongruent vs. congruent) and region (pMTG, ATL, BA39/40, and BA44/45) on 

computed current source density averaged over any identified PMN and N400 time windows.  

With the sLORETA analyses it is important to note that, to quantify cortical sources of 

activity for EEG recordings, a head model is used that specifies the spatial distribution of 

materials in the head and takes into account their relative conductivities (Zieber & Richards, 

2013). For this process I used the basic spherical models of head compartments (e.g., skin, skull, 

brain) provided by sLORETA which are based on average adult MRI and were not adjusted 

using an age-appropriate child template because there are no pediatric head models available in 

sLORETA. Thus, the use of sLORETA here is exploratory but is supported by previous research 

using the method in developmental samples (see e.g., Lamm, White, McDermott, & Fox, 2012).  

4.2. Results  

4.2.1. Delayed Behavioral Comprehension Test 

 I report behavioral data from 14 of 20 children who participated in this study (8 females; 

mean age: 51.21 months 14 days; age range: 45 to 58 months). As mentioned above, data from 

the first five children were excluded because I did not include familiar label test trials for these 

children to familiarize them with the task. Data from a sixth child was excluded because the 

child selected the wrong object in at least one familiar label test trial. For the remaining 14 

children who selected the correct object on all familiar label test trials, I first calculated the mean 
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number of correct responses on the novel label test trials (M = 5.93 (out of 8), SE = 0.24). I then 

conducted a one-sample t-test against chance performance (4 out of 8 trials), which revealed a 

significantly higher performance than chance, t(13) = 7.87, p < .001, CI95%[1.40, 2.46], Cohen's d 

= 2.10. Thus, children were able to retain and retrieve word-object mappings on the delayed 

comprehension test. Among the 14 children who provided reliable behavioral data, 5 learners 

responded correctly on 7 of the 8 trials, 3 correctly on 6 trials, and 6 correctly on 5 trials. Thus, 

none of the children performed at chance or lower levels.  

4.2.2. ERP Analyses 

 Children's waveforms were characterized by a clear P1-N1-P2 pattern, consistent with 

results from the pilot experiment with children. The temporal N1 was the most prominent 

component in children's waveform, peaking at 212 msec for both familiar and novel words (see 

Wunderlich et al., 2006 for a review). The N1 at Cz peaked earlier than the temporal N1, 

appearing maximal at 164 msec and 172 msec for familiar and novel words, respectively. 

Following the N1 there was a prominent positive peak, P2, which was maximally recorded from 

the vertex electrode with a peak latency of 240 ms and 222 ms for familiar and novel words, 

respectively. The peak amplitude and the latencies of the components did not vary with word-

type (ps >.05).  

4.2.2.1. Familiar Word Congruity Effects 

4.2.2.1.1. P1 (104-204 msec) 

Figure 13 shows the grand-average waveforms for the congruent and incongruent 

conditions for familiar words. There were similar numbers of trials for incongruent (M = 23.60, 

SE = 1.01) and congruent words (M = 22.95, SE = 1.38), t(19) = 0.598, p = .557. Results from 
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the cluster-based bootstrap test revealed a robust divergence between congruent and incongruent 

conditions from approximately 104-176 msec over left centro-parietal (CP5, CP3, CP1) central 

(C5, C3, C1), temporal (TP7), and parietal (P5, P3, P1) electrode sites (see Figure 14a). Over 

parietal sites the effect extended until 204 msec. As is shown in Figure 14b on the selected 

waveforms, this early effect encompassed the P1 most visible in the congruent condition that 

peaked at an average of about 138 msec over these sites. A paired samples t-test on the electrical 

potentials averaged across electrode sites identified by the cluster-based bootstrap test from 104-

176 msec revealed that congruent trials were significantly more positive (M = 0.39, SE = 0.33) 

than incongruent trials (M = -1.22, SE = 0.40), t(19) = -3.04, p = .007, CI95%: [-2.71, -0.50], 

Cohen's d = 0.68. 

4.2.2.1.2. N400 (360-600 msec) 

A second significant divergence between congruent and incongruent conditions occurred 

from approximately 360-600 msec. As shown in Figure 14a, this divergence constituted a broad 

N400 negativity that occurred over many of the left-lateralized electrode sites demonstrating the 

P1 effect, but the N400 effect was localized to centroparietal (CP5, CP3, CP1) and central (C5, 

C3, C1) electrode sites and did not appear on temporal and parietal sites. The N400 peaked 

around 476 msec over left centro-parietal sites. A paired samples t-test on electrical potentials 

averaged across the electrode sites identified by the cluster-based bootstrap test revealed that 

incongruent trials were significantly more negative (M = -2.18, SE = 0.64) than congruent trials 

(M = 0.43, SE = 0.46), t(19) = -3.13, p = .006, CI95%: [-4.36, -0.86], Cohen's d = 0.70. 
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Figure 13. Experiment 3 Results – Familiar Word Waveforms  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Electrodes are labeled in 10-20 equivalent locations. The maroon lines indicate congruent trials and 

the green lines indicate incongruent trials. 
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Figure 14. Experiment 3 Results – Familiar Word Congruity Effects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Panel A) Topographical maps illustrating, on the top row: statistically significant congruity effects 

in response to familiar words according to the cluster-based bootstrap test (p <.05), and on the bottom 

row: raw congruity effects (differences between incongruent and congruent waveforms). Panel B) grand 

averaged waveforms in the congruent (maroon) and incongruent (green) conditions for selected electrodes 

demonstrating P1 and N400 effects. Rectangles indicate time windows in which the condition differences 

met statistical significance criteria (p <.05).  
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In sum, for familiar words, children demonstrated two divergences between congruent 

and incongruent trials: an early effect from approximately 104-204 msec that encompassed the 

P1, and a later N400 effect from approximately 360-600 msec. Both effects occurred over left-

lateralized electrode sites, with the earlier effect demonstrating a more widespread divergence, 

spreading to temporal and parietal sites, whereas the N400 was more localized and occurred over 

central and centro-parietal sites. There was no other condition effect for the rest of the epoch. 

Thus, we can conclude that the visual-picture/spoken-word priming paradigm reliably probed 

children's early acoustic/phonetic and subsequent semantic processing. 

4.2.2.2. Novel Word Congruity Effects 

4.2.2.2.1. PMN (188-308 msec) and Frontal Effect (228-288 msec) 

Figure 15 shows the grand-average waveforms for the congruent and incongruent 

conditions for newly acquired novel words. There were similar numbers of trials for incongruent 

(M = 23.35, SE = 1.39) and congruent words (M = 23.65, SE = 1.41), t(19) = -0.299, p = .768. 

The cluster-based analysis revealed robust congruity effects (p < .01) from approximately 188-

308 msec over a large number of posterior electrode sites with right hemisphere lateralization 

(see Figure 16a). This effect occurred on a negativity after the posterior P2 wave over parietal, 

parieto-occipital, and occipital electrode sites (P2, P8, P10, POz, PO4, PO8, Oz, O2). A follow-

up paired samples t-test was conducted on the electrical potentials averaged over the electrode 

sites and time samples identified by the cluster-based bootstrap test, revealing that children’s 

responses to incongruent trials were significantly more negative (M = -0.12, SE =0.65) than 

congruent trials (M = 2.75, SE = 0.55), t(19) = -3.77, p =.001, CI95%: [-4.47, -1.28], Cohen's d = 

0.84. On the electrode sites identified by the cluster-based bootstrap test the congruity effect 

encompassed a negative wave peaking around 268 msec. From about 228 – 288 msec there was a 
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second robust congruity effect over left lateral frontal electrode sites (FPz, Afz, F1, F3, FP1). For 

this frontal effect children's waveforms to congruent words were significantly more negative (M 

= -3.40, SE = 0.64) compared to incongruent words (M = -0.47, SE = 0.71), t(19) = 4.04, p = 

.001, CI95%: [1.41, 4.45], Cohen's d = 0.90. 

 

Figure 15. Experiment 3 Results – Novel Word Waveforms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Electrodes are labeled in 10-20 equivalent locations. The red lines indicate congruent trials and the 

blue lines indicate incongruent trials.  
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Figure 16. Experiment 3 Results – Novel Word Congruity Effects  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Panel A: Topographical maps illustrating, on the top row: statistically significant congruity effects 

in response to novel words according to the cluster-based bootstrap test (p < .01), and on the bottom row: 

raw congruity effects (differences between incongruent and congruent waveforms). Panel B: grand 

averaged waveforms in the congruent (red) and incongruent (blue) conditions for selected electrodes 

demonstrating PMN and N400 effects. Rectangles indicate time windows in which the condition 

differences met statistical significance criteria (p <.01).  
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4.2.2.2.2. N400 (348-424 msec) 

The cluster-based bootstrap results revealed a second, widespread divergence over 

posterior electrode sites from 348-424 msec (see Figure 16a for thresholded results at p < .01). 

This N400 effect appeared over the same electrode sites demonstrating the PMN, though the 

effect was more localized to right posterior regions (P2, P8, P10, PO4, PO8, Oz, O2). A follow-

up paired samples t-test on electrical potentials identified by the cluster-mass analysis revealed 

that children demonstrated enhanced N400 responses for incongruent (M = 0.21, SE = 0.69) than 

congruent trials (M = 2.87, SE = 0.62), t(19) = -3.37, p = .003, CI95%[-4.31, -1.01], Cohen's d = 

0.76. The N400 peaked at around 400 msec over these electrode sites.  

In sum, for novel words children’s ERP responses revealed two posterior divergences 

between congruent and incongruent trials. The first emerged from 188-308 msec over 

widespread posterior electrode sites and reflected a PMN in which ERPs to incongruent trials 

were more negative than congruent trials. During the PMN time window there was also a 

significant divergence between congruent and incongruent words over left frontal sites. The 

second posterior divergence emerged from 348-424 msec over a number of right posterior 

electrode sites.  

4.2.3. Source Localization Analyses 

4.2.3.1. Familiar Words 

To localize the neural sources contributing to the familiar word N400 congruity effect, I 

conducted a repeated measures ANOVA with within-subject factors congruity (incongruent 

versus congruent) and region (pMTG, ATL, BA39/40, and BA44/45) on computed current 

source density averaged over the 360-600 msec time-window. There was a significant congruity 
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by region interaction, F(3,57) = 4.31, p =.008, partial n2 = 0.185. Follow-up paired samples t-

tests comparing incongruent and congruent trials for each region of interest revealed that the 

pMTG demonstrated significantly greater activation for incongruent (M = 4.45, SE = 0.21) than 

congruent trials (M = 3.57, SE = 0.18), t(19) = 4.58, p < .001, CI95%: [0.47, 1.27], Cohen's d = 

1.02 (Figure 17a). In addition, the ATL and BA39/40 each showed significantly greater 

activation for incongruent (ATL: M = 5.81, SE = 0.27; BA39/40: M = 3.18, SE = 0.17) than 

congruent trials (ATL: M = 5.27, SE = 0.20; BA39/40: M = 2.78, SE = 0.18), t(19) = 2.43, p = 

.025, CI95%: [0.08, 1.00], Cohen's d = 0.54 and t(19) = 2.96, p = .008, CI95%: [0.12, 0.68], 

Cohen's d = 0.66, respectively. The only region not showing divergent activation during the 

familiar word N400 congruity effect was BA44/45 (Incongruent: M = 3.48, SE = 0.21; 

Congruent: M = 3.33, SE =0.15), t(19) = 0.70, p = .49, CI95%: [-0.29, 0.59], Cohen's d = 0.16. 

Results also revealed a robust main effect of region F(3,57) = 146.72, p < .001, partial n2 = .885, 

which was characterized by the largest activation over the ATL, followed by the pMTG, 

BA44/45, and BA39/40 (post-hoc pairwise comparisons). There was also a robust main effect of 

congruity F(1,19) = 11.44, p = .003, partial n2 = .376, which was characterized by greater 

activation across all ROIs during incongruent (M = 4.23, SE = 0.19) than congruent (M = 3.74, 

SE = .15) conditions. Thus, the ROI analyses revealed that the left pMTG, ATL, and BA39/40 

significantly contributed to the N400 congruity effect for familiar words. 

4.2.3.2. Novel Words 

For the ROI analyses for PMN and N400 effects to recently acquired novel words, I 

conducted two separate repeated measures ANOVA with within-subject factors congruity 

(incongruent versus congruent) and region (pMTG, ATL, BA39/40, and BA44/45) on computed 

current source density from 188-308 msec and 348-424 msec time-windows. For the 188-308 
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PMN effect, there was a significant congruity by region interaction, F(3,57) = 3.46, p =.022 

partial n2 = 0.154. Follow-up paired t-tests revealed that BA44/45 had increased activation for 

incongruent (M = 3.25, SE = 0.21) than congruent trials (M = 2.75, SE = 0.20) that was 

marginally significant, t(19) = 2.05, p = .054, CI95%: [-0.01, 1.02], Cohen's d = 0.46. The ATL 

region also showed increased activation for incongruent (M = 5.38, SE = 0.25) than congruent 

trials (M = 4.78, SE = 0.22) that was marginally significant, t(19) = 2.03, p = .057, CI95%: [-0.02, 

1.21], Cohen's d = 0.45. For all other regions the differences between incongruent (pMTG: M = 

3.84, SE = 0.25; BA39/40: M = 2.61, SE = 0.18) and congruent trials (pMTG: M = 3.54, SE = 

0.20; BA39/40: M = 2.69, SE = 0.21) were nonsignificant, all ps> .21 (Figure 17b). There was 

also a significant main effect of region on computed current source density, F(3,57) = 61.79, p 

<.001, partial n2 = .765, such that the ATL demonstrated the largest activation for both 

incongruent and congruent trials (M = 5.08, SE = 0.19), which was significantly greater than 

activation in the pMTG (M = 3.69, SE = 0.19), BA44/45 (M = 3.00, SE = 0.16), and BA39/40 (M 

= 2.65, SE = 0.18). The only Bonferroni-corrected post-hoc pairwise comparison that was non-

significant was between BA44/45 and BA39/40, p = .50. Lastly, during the PMN time window 

the main effect of congruity on computed current source density approached significance F(1,19) 

= 3.06, p = .096, partial n2 = 0.139.  

For the N400 effect, the main effect of congruity and the congruity by region interaction 

were non-significant, F(1,19) = 0.336, p = .569, partial n2 = .017 and F(3,57) = 0.174, p =.914, 

partial n2 = .009, respectively. There was a significant main effect of region F(3,57) = 56.55, p 

<.001, partial n2 = .749, such that the ATL demonstrated the largest activation across 

incongruent and congruent trials (M = 5.22, SE =0.26), which was significantly greater than 

activation in the pMTG (M = 3.62, SE = 0.17), BA44/45 (M = 3.03, SE = 0.20), and BA39/40 (M 
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= 2.62, SE = 0.18). The only Bonferroni-corrected post-hoc pairwise comparison that was non-

significant was between BA44/45 and BA39/40, p = .53.  

Figure 17. Experiment 3 Results – ROI sLORETA Analyses  

 

 

 

 

 

 

 

 

Note. Morphology-based regions of interest (ROIs) generated using sLORETA. In top row condition 

differences in source-space activation for the N400 to familiar words (green = incongruent, maroon = 

congruent). On the bottom row condition differences in source-space activation or the PMN and N400 

effects to novel words (blue = incongruent, red = congruent). + = p <.10; * = p < .05; ** = p < .01; *** = 

p <.001. 

 

4.3. Discussion 

 Experiment 3 used a visual-picture/auditory-word matching ERP paradigm to investigate 

the nature of word-object relations 4-year-olds acquire in cross-situational word learning. I was 

particularly interested in the early P1-N1-P2/PMN and N400 components of the ERP known to 

reflect acoustic/phonetic versus semantic processing during spoken word recognition. I found 
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that 4-year-olds demonstrated a robust early PMN and later N400 effect to the novel words that 

were acquired through cross-situational statistical learning. Moreover, young children also 

showed retention of these new word-object mappings on a delayed comprehension test 

administered approximately 20 minutes after the cross-situational training. The presence of these 

two distinct picture-word priming effects, in addition to the behavioral findings, suggest that 

young children acquired a representation for the novel word forms, mapped them onto the 

referents they were repeatedly paired with, and acquired meaningful relations between the word-

object pairings trained in a cross-situational task. I first review ERP evidence on children's 

familiar word processing before reviewing evidence on children's novel word processing.  

4.3.1. Familiar Word Congruity Effects 

Young children demonstrated a robust N400 effect in response to familiar words. This 

effect had a classic left centroparietal scalp distribution and closely replicated findings from 

children in the small-scale pilot study. In an extensive review of adult fMRI and MEG data 

pertaining to the familiar word N400 effect, Lau et al. (2008) posited that the N400 effect reflects 

recruitment of the left pMTG when participants access lexico-semantic representations from long 

term memory. Source localization analyses from the current study provides evidence that is 

consistent with Lau et al.'s proposal: children engaged the left pMTG, as well as regions in BAs 

39/40 and ATL, to a greater extent when processing incongruent versus familiar words during 

the 360-600 msec N400 time window. To my knowledge this is the first study to report 

sLORETA analyses from high-density EEG recordings in 4-year-olds in a cross-modal visual-

picture/spoken word matching paradigm. These analyses were exploratory because an adult 

rather than a pediatric head model was used. However, the close localization provides promising 

results that are in line with what one would expect based on the adult neuroimaging data.  
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Children also showed an earlier effect from 104-204 msec that encompassed the left 

central P1 and over posterior sites extended to the N1 component. Although this early congruity 

effect was not shown by children in the pilot study, visual inspection of waveforms in that 

experiment revealed a similar pattern of responses over left central electrode sites (i.e., enhanced 

positivity for congruent versus incongruent words encompassing the P1; see Figure 9b). Previous 

research has reported modulations of the P1 component in a phonological priming as well as 

matching paradigms. For example, in Bonte and Blomert (2004), Dutch 5-6-year-olds first heard 

a non-word prime (e.g., "morben") and then heard a familiar target word that either shared an 

initial phoneme with the prime (e.g., "modder") or did not share an initial phoneme (e.g., 

"zuster"). They found that the P1 over midline frontal, frontocentral, and central electrode sites 

was more positive to target words that shared an initial phoneme versus target words that did not 

share an initial phoneme. Given that the non-word primes used in their study did not have any 

lexical representation (i.e., children never head them and it was never associated with an object), 

the authors reasoned that the P1 modulation occurred because of pre-lexical phonological 

processing. Thus, the early congruity effects found in the current study may reflect early 

acoustic/phonetic processes when the initial sound of the incoming target word either matched or 

did not match sound expectations.  

The early P1 congruity effect did not persist into the subsequent 250-350 msec PMN time 

window. These findings again point to the notion that the matching paradigm used in the current 

research captures phonological sensitivity, but the sensitivity seems to manifest before the PMN 

negativity. To test familiar word processing, I used the words "money", "glasses", "broom", and 

"button". I ensured that the words "broom" and "button" never served as a prime or target for one 

another because they served some overlap in initial sound. This change may have led to the early 
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effects found in the current experiment, which were not found in the second pilot experiment 

with children. However, the inclusion of the words "button" and "broom" in the set may have in 

general discouraged children from engaging a deep phonological analysis of the initial sounds of 

the words. Instead, they may have relied on a higher-level semantic processing to distinguish 

between whether the meaning of the words matched. Given this possibility, in Experiment 4 I 

replaced the word "button" with "dolphin" so that all the words used in the set differed from one 

another from their initial phoneme. 

4.3.2. Novel Word Congruity Effects 

For novel words, children showed an early congruity effect encompassing the P2/PMN as 

well as the later N400 effect. These findings suggest that, even in a highly constrained training 

context with multiple word-object pairings presented in an ambiguous context with no social 

cues from a speaker, young children engaged the typical mechanisms involved in word learning 

to acquire robust, semantic representations for the meanings of the new words. The process of 

word learning involves meaning assignment, it is not merely a matter of association. I 

hypothesized that if children simply acquired associative mappings, then when they saw a picture 

of an object, they would generate only an expectation of the word-form that was repeatedly 

associated with that picture during training. This was not the pattern observed here. In addition to 

showing a PMN effect that peaked around 268 msec reflecting activation of phonological 

representations for the novel word-forms, children also showed an N400 effect that peaked as a 

distinct component around 400 msec. The finding of an N400 for new words shortly after 

training converges with other studies showing robust N400 effects when children are exposed to 

word-object pairings in a computer training (e.g., Borgström et al., 2015; Junge et al., 2012; 

Torkildsen et al., 2007; 2008; Friedrici & Friedrich, 2008; 2011) and when new words are taught 
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by speakers in a communicative interaction (e.g., Hirotani et al., 2009; Mangardich & Sabbagh, 

2018; Parise & Csibra, 2012). The N400 is thought to provide a reliable measure of learning new 

words and has been interpreted as the strengthening of the link between the word and its 

corresponding meaning (e.g., Mestres-Missé et al., 2007). Thus, the pattern observed here 

suggests that children acquired the meaning of the new words and understood that they may be 

used as symbols for the object they co-occurred with.  

While the N400 indicates that children associated the novel words with meaning, it is 

important to note that children likely only acquired a partial or incomplete understanding of the 

word meanings. For instance, the knowledge that children acquired may support an inference 

that the word "bosa" is a symbol that can be used to refer to toys that look like oranges. Through 

additional exposures to either the word or object, children may be compelled to elaborate on this 

meaning. However, the crucial point is that acquiring knowledge that supports the initial 

inference about the symbolic (i.e., "stands for") meaning of novel words on the first few 

encounters lays the foundation for further elaboration of its meaning as well as proper usage 

(Clark, 2007). Through additional exposure and perhaps further use of the novel words, children 

may engage the incremental and gradual process extending across multiple instances after its 

initial exposure to acquire the full meaning of the words and integrate it into lexico-semantic 

memory (Beck, McKeown, & Kucan, 2002). 

Preceding the N400 effect for novel words children showed a PMN effect. The timing 

and scalp location of the effect was consistent with that demonstrated by children in the small-

scale pilot study. Previous ERP word learning studies report enhanced negativities for 

incongruent words preceding the N400, however these negativities are often considered to be 

part of the N400 (i.e., N200-600 msec; Torkildsen et al., 2008). In the current study the early 
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congruity effect and the N400 emerged as highly significant (p <.01) in two separate latency 

windows and encompassed two separate distinct peaks, suggesting that the two effects might 

reflect different underlying neural processes (see also Junge et al., 2012). Moreover, there was a 

separate congruity effect that occurred over the lateral frontal region concurrently with the PMN 

(i.e., 200-300 msec). This left frontal effect was the reverse polarity of the posterior PMN effect 

and was characterized by increased negativities for congruent than incongruent words. These 

early effects likely reflect differences in the early acoustic-phonological processing stage rather 

than semantic processing routines (Freidrich & Friederici, 2004; 2005a; 2005b; see Friedrich 

2008 for a review). These acoustic-phonological processing differences were caused by top-

down generated expectations of the perceptual features of those words that were primed by the 

preceding picture and appeared to capture distinct processes from those underlying the semantic 

N400. 

The source localization analyses provide some evidence to suggest that distinct neural 

processes contributed to the scalp PMN and N400 effects. During the PMN time window, the left 

IFG (BA44/45) and left ATL showed greater activation when the incoming target word had an 

initial phoneme that mismatched the expected phonological word form. This finding converges 

with adult ERP studies localizing the PMN to the left IFG (e.g., D'Arcy et al., 2004; Khateb, 

Pegna, Landis, Michel, Brunet, Seghier, & Annoni, 2007; Kujala et al., 2004). In contrast, for the 

N400 time window, there was no reliable divergence between incongruent and congruent 

conditions for any of the ROIs. Instead, the main finding was that the left ATL showed the 

greatest activation for both incongruent and congruent target word processing in this later time 

window. These results suggest that the left hemisphere neural regions involved in sub-lexical 

phonological analysis are at least partly different from those responsible for the later processing 
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of the meaning of speech input. Additional evidence is needed, though, to isolate the PMN and 

N400 effects to recently acquired novel words and localize the neural sources contributing to 

these effects.  

Finally, it should be noted that the novel word N400 effect had a right posterior scalp 

distribution while the familiar word N400 effect had a classic left centro-parietal scalp 

distribution. As mentioned in Chapter 2, previous research has reported similar differences in the 

scalp distribution of the N400 effect for familiar and newly learned words (e.g., Bakker, 

Takashima, van Hell, Janzen, & McQueen, 2015; Mangardich  & Sabbagh, 2018 Mestres-Missé 

et al., 2007; Mills, Conboy, & Paton, 2005; von Koss Torkildsen et al., 2008, 2009). These 

differences likely emerge because a different neural network is recruited for processing the 

meaning of real words and newly learned words, presumably because the new conceptual 

relations attached to the newly learned words are weaker in comparison to the stable associative 

links that already exist for real words (Rodriguez-Fornells, Cunillera, Mestres-Missé, & Diego-

Balaguer, 2009).  
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Chapter 5: Effect of Referential Context on Young Children's Cross-Situational Learning 

Experiment 3 provides ERP evidence to suggest that children acquired representations for 

the novel word-forms and mapped them onto the referents they co-occurred with, as indexed by 

the P2/PMN effect over right posterior sites. Children also demonstrated an N400 effect, 

providing evidence that they acquired meaningful relations between the word-object pairings in 

the cross-situational word learning task. It appears from these findings that children tracked the 

word-object co-occurrence statistics and acquired semantic representations for new word 

meanings. This was the case even though on each training instance the words were referentially 

ambiguous and there were no overt speaker social cues indicating that the speaker intended to 

refer to the objects.  

One possibility is that the familiar object labeling familiarization before novel word 

training may have clarified the referential status of the words and improved word learning. 

Evidence for this possibility comes from studies using the "Switch Task" to assess infants' word 

learning (Werker et al., 1998). In the original task, infants are introduced to two novel word-

object pairings (e.g., "neem" and "fip"). They hear the novel words, presented repeatedly, as they 

observe images of brightly coloured novel objects moving back and forth across a screen. The 

two word-object pairings continue until infants find them familiar, as indicated by a criterial 

decline in looking. After this habituation infants experience two test trials: a "same" trial 

involving one of the original word-object pairings and a "switch" trial that entails a mismatched 

word-object pairing. If infants learned the word-object pairings, they should detect the violation 

of the word-referent link during the switch trial and look longer during the switch trial than 

during the same trial. Several studies using the switch task have shown that infants learn 

phonetically dissimilar words (such as "neem" and "fip") starting at 12-14 months, but until 18 
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months of age infants fail to reliably learn labels that share some sound features (such as "bin" 

and "din") (Pater et al.,  2004; Stager & Werker, 1997; Werker et al., 2002).  

Fennell and Waxman (2010) proposed that the reason why infants younger than 18-

months are unable to learn new words that share some sound features is because the words 

appeared in isolation, without any context clarifying that the words are meant to be labels. 

Infants older than 18 months can capitalize on word-object co-occurrence information even if 

they are presented in isolation with no context to learn words via the switch task, but infants 

younger than 18 months may require additional cues to map words and objects in any 

meaningful way. Across two studies Fennell and Waxman incorporated additional contextual 

information that highlighted to 14-month-old infants that they would be hearing labels for 

concrete objects. In the first, they presented novel words in a typical naming phrase rather than in 

isolation ("look at the bin" versus "bin"). In the second study, infants were first presented with 

known word-object pairings (such as the word "dog" and a picture of a dog") prior to being 

trained on the novel minimal pair word-object pairings. Results showed that both manipulations 

significantly improved 14-month-old infants' ability to learn the new words in the switch task 

(see also Fais et al., 2012; May & Werker, 2014). Fennell and Waxman posit that these 

additional cues provided pragmatic evidence that the words presented were intended to be names 

for the target novel objects. This created a referential context in which infants interpreted the 

novel labels as referring to the target object. Once that status is assured, they recruited the typical 

neurocognitive mechanisms to map the word to its intended referent.  

There is some evidence that providing adult learners with explicit instructions that novel 

words are meant to refer improves their learning in a cross-situational task. Wang and Mintz 

(2018) presented two different groups of adult participants with the exact same stimuli in a cross-



 

83 

 

situational task – two novel objects on each training slide accompanied by a single word or a 

beep tone. The two groups, however, received different instructions that manipulated the 

referential status of the to-be-learned novel labels. In the "categorization" group, participants 

were instructed to remember which objects were associated with beeps versus words. In the 

"reference" group, participants were told that the novel words referred to the depicted objects and 

that their task was to learn the names for the objects. Participants then completed two tests: a 

categorization task in which they had to identify whether the object was associated with a word 

or a beep tone, and a comprehension test in which a target and a distracter appeared and they 

heard a target word. Results showed that participants in both groups correctly identified which 

objects were associated with words, and which with beep tones, suggesting that participants in 

both groups attended equally well to the stimuli. Performance between the two groups, however, 

differed on the comprehension test. Participants in the "reference" group remembered the 

specific word-object links while participants in the categorization group did not. These findings 

suggest that while participants in both groups attended to the stimuli, learners only made the 

correct word-object mappings when they went beyond associative learning processes and 

operated with a broader referential hypothesis. In another experiment, they found that learners 

acquired the word-object mappings without any experimental instruction, indicating that they 

approached the task with a default bias to perceive novel words as referential labels. The authors 

reasoned that when participants were given a secondary cover task to remember which objects 

were associated with beeps versus words this masked the referential nature of the words in the 

experiment and led to poorer performance. 

To date, there have been no studies that have explored the importance of the referential 

context implemented before training in young children's cross-situational word learning. Studies 
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vary considerably in the pre-training familiarization routines that are implemented to orient 

children to the goals of the task. Here, I explored the role of the referential context by 

investigating if familiar object labeling affected the representations children acquired in cross-

situational learning. In the current experiment, instead of experiencing familiar object labeling as 

in the previous experiment, 4-year-olds were told that they would see and hear some things, and 

to watch and listen carefully. They then saw a salient picture preceding the first four training 

trials (following the procedures of Smith & Yu, 2008). I hypothesized that, if familiar object 

labeling supports children's rapid semantic word learning because it clarifies the referential status 

of the to-be-learned novel words, then removing it should lead to less robust N400 effects. I did, 

however, still expect early effects to occur reflecting that participants attended to the word-object 

co-occurrence information and acquired associations for the new word-object pairs. 

5.1. Method 

5.1.1. Participants 

Twenty 4-year-olds (9 females; mean age: 52 months 12 days; age range: 47 to 57 

months) were included in the final ERP analyses. Participants were drawn from a database of 

primarily white, middle-class population in Eastern Ontario, Canada. Data from an additional 

three children were excluded because they did not assent to putting the EEG net on. Children 

were tested between August 2019 and February 2020. All children were tested in the lab, and 

signed consent was obtained from one of the participants' parents or legal guardians. All children 

received either $10 gift certificate or a T-shirt as thanks for their participation. This study had 

cleared ethics from the Queen’s University Institutional Ethics Review Board. 
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5.1.2. Stimuli 

 The novel word-object stimuli used in the cross-situational training task, visual-

picture/spoken-word ERP matching paradigm, and the delayed comprehension test were 

identical to those used in the same phases in Experiment 3. There was no familiar word-object 

labeling preceding the cross-situational training task. In the ERP testing paradigm, three of the 

four familiar word-object pairings in Experiment 3 were used ("money", "glasses", "broom"), in 

addition to a fourth word "dolphin" that replaced "button" (Figure 18). In the delayed 

comprehension test identical stimuli were used as in Experiment 3.  

Figure 18. Experiment 4 – Replacement Familiar Word Waveform and Picture 

 

 

 

Note. Praat display of the replacement familiar word and picture used in Experiment 4 ERP testing. The 

red triangle shows the expected start time of the phonological mapping negativity effect at 250 msec.  

5.1.3. Procedure 

 The procedure was identical to Experiment 3 with a single exception: the cross-

situational word learning task did not include a familiarization phase. Instead, the experimenter 

prompted children to maintain attention to the cross-situational training by saying, "Okay, we are 

going to play a few games. In this first game, you are going to hear and see some things, so 

please watch and listen carefully." Thus, there was no explicit mention that they would see new 

objects and hear their labels. The first four training slides had an attention-getter picture of a 
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Sesame Street character appear for two seconds. The rest of the 12 training slides had the same 

exact structure as the task used in Experiment 3.  

5.2. Results 

5.2.1. Delayed Comprehension Test 

 I analyzed behavioral data from 17 children (8 females; mean age: 50.88 months 15 days; 

age range: 48 to 56 months) who selected the correct object on all familiar label test trials. Data 

from an additional three children were removed because they consistently pointed towards an 

object before hearing a word. For the 17 children, the mean number of correct responses on the 

novel label trials (M = 4.94 (out of 8), SE = 0.29) was significantly greater than chance (4 out of 

8), t(16) = 3.24, p = .005, CI95%: [0.33, 1.56], Cohen's d = 0.78. Thus, children in Experiment 4, 

as in Experiment 3, were able to retain and retrieve word-object mappings on the delayed 

comprehension test. Among the 17 children who provided reliable behavioral data, 2 learners 

responded correctly on 7 of the 8 trials, 3 correctly on 6 trials, 6 correctly on 5 trials, 4 correctly 

on 4 trials, and 2 correctly on 3 trials. Thus, in contrast to Experiment 3 where all children 

performed better than chance, six children in Experiment 4 performed at or below chance.  

5.2.2. ERP Analyses 

Children's ERPs to familiar and novel words were characterized by a clear P1-N1-P2 

pattern over the vertex (Cz) and lateral temporal (T7, T8) electrode sites. The temporal N1 was 

the most prominent component in the waveform, peaking at 220 msec for both familiar and novel 

words. The vertex N1 peaked earlier than the temporal N1, appearing maximal at 172 msec for 

both familiar and novel words. Following the N1 the P2 was maximally recorded from the vertex 
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electrode with a peak latency of 236 msec. Overall the morphology of children's auditory evoked 

potentials in Experiment 4 were comparable to those in Experiment 3. 

5.2.2.1. Familiar Word Congruity Effects 

5.2.2.1.1. N400 (456-540 msec) 

Figure 19 shows the grand-average waveforms for the congruent and incongruent 

conditions for familiar words. There was a slight difference in the numbers of trials for 

incongruent (M = 27.15, SE = 0.97) and congruent words (M = 25.55, SE = 0.80), t(19) = 2.01, p 

= .059, CI95%: [-0.07, 3.27], Cohen's d = 0.45. The N400 effect children demonstrated appeared 

from approximately 456-540 msec over a group of left centro-parietal (CP3, CP1) and central 

(C5, C3, C1) electrode sites (Figure 20a). As is shown in Figure 20b on the selected waveforms, 

this effect encompassed a broad N400 negativity that peaked around 540 msec over these 

electrode sites. A paired samples t-test on the electrical potentials averaged across electrode sites 

identified by the cluster-based bootstrap test revealed that incongruent trials were significantly 

more negative (M = -3.02 , SE = 0.48) than congruent trials (M = -0.84, SE = 0.62), t(19) = -

2.86, p = .01, CI95%: [-3.79, -0.58], Cohen's d = 0.64. 

5.2.2.1.2. Post N400 Effects (600-808 msec)  

Following the N400 there were two robust, more widely distributed effects that appeared 

from approximately 600-808 msec: an enhanced posterior positivity for incongruent relative to 

congruent trials over right posterior electrode posterior electrode sites (P6, T6/P8, P10, TP10, 

PO8, O2) and an enhanced anterior negativity for incongruent relative to congruent trials over 

left fronto-central electrode sites (FC5,  FC3, C5, C3, C1) (Figure 20). The posterior effect 

encompassed a P600 that peaked around 632 msec and was characterized by increased positive 
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responses for incongruent (M = 8.61, SE = 0.96) than congruent trials (M = 4.84, SE = 0.98), 

t(19) = 3.21, p = .005, CI95%: [1.31, 6.23], Cohen's d = 0.72 The frontal effect encompassed an 

N600 component that peaked around 630 msec, characterized by increased negative responses 

for incongruent (M = -5.60, SE = 0.54) than congruent trials (M = -3.46, SE = 0.601), t(19) = -

2.86, p = .01, CI95%: [-3.70, -0.57], Cohen's d = 0.64. 

Figure 19. Experiment 4 Results – Familiar Word Waveforms 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Note. Electrodes are labeled in 10-20 equivalent locations. The maroon lines indicate congruent trials and 

the green lines indicate incongruent trials.  
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Figure 20. Experiment 4 Results – Familiar Word Congruity Effects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Panel A: Topographical maps illustrating, on the top row: statistically significant congruity effects 

in response to familiar words according to the cluster-based bootstrap test, and on the bottom row: raw 

congruity effects (differences between incongruent and congruent waveforms). Panel B: grand averaged 

waveforms in the congruent (maroon) and incongruent (green) conditions for selected electrodes 

demonstrating N400 and N600 effects. Rectangles indicate time windows in which the condition 

differences met statistical significance criteria.  
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In sum, for familiar words, children demonstrated two divergences between congruent 

and incongruent trials: an N400 effect from approximately 456-540 msec and later a robust 

N600/P600 effect from 600-808 msec. The N400 effect occurred over left-lateralized centro-

parietal electrode sites and the N600 over left fronto-central sites, whereas the later effects 

occurred over frontal and posterior electrode sites.  

5.2.2.2. Novel Word Congruity Effects  

5.2.2.2.1. P1 (96-136 msec) 

Figure 21 shows the grand-average waveforms for the congruent and incongruent 

conditions for recently acquired novel words. There were similar numbers of trials for 

incongruent (M = 25.70, SE = 1.19) and congruent words (M = 25.80, SE = 0.93), t(19) = -0.126, 

p = .901. Results from the cluster-based bootstrap test revealed that the only significant effect 

children showed for novel words emerged from 96-136 msec over left fronto-central (FC5, FC3) 

and central (C3, C1) electrode sites. This early effect occurred on the ascending limb of the P1 

component which peaked at 134 msec (Figure 21). A paired samples t-test on the electrical 

potentials averaged across electrode sites identified by the cluster-based bootstrap test revealed 

that congruent trials were significantly more positive (M = 1.41, SE = 0.39) than incongruent 

trials (M = -0.33, SE = 0.40), t(19) = 2.56, p = .019 , CI95%: [3.16, 0.32], Cohen's d = 0.57. For 

comparison purposes, Figure 22 shows children's waveforms on the same posterior electrode 

sites in which children in Experiment 3 showed the PMN and N400 effects. 
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Figure 21. Experiment 4 Results – Novel Word Waveforms 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Electrodes are labeled in 10-20 equivalent locations. The red lines indicate congruent trials and the 

blue lines indicate incongruent trials.  
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Figure 22. Experiment 4 Results – Novel Word Congruity Effects 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Panel A: Topographical maps illustrating, on the top row: statistically significant congruity effects 

in response to novel words according to the cluster-based bootstrap test (p <.05), and on the bottom row: 

raw congruity effects (differences between incongruent and congruent waveforms). Panel B: For 

comparison purposes, grand averaged waveforms in the congruent (red) and incongruent (blue) conditions 

for selected electrodes on which children in Experiment 3 demonstrated PMN and N400 effects.   
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In summary, children's ERPs to recently acquired novel words in Experiment 4 appeared 

markedly different from those in Experiment 3. Children only demonstrated a short-lasting but 

reliable early congruity effect from 96-136 that occurred on the ascending limb of the P1 

component over left frontocentral electrode sites. 

5.2.3. Source Localization Analyses 

5.2.3.1. Familiar Words 

To localize the neural sources contributing to the N400 familiar word congruity effect, I 

conducted a repeated measures ANOVA with within factors congruity (incongruent versus 

congruent) and region (pMTG, ATL, BA39/40, and BA44/45) on computed current source 

density averaged over the 456-540 msec time-window. There was a trend towards a significant 

congruity by region interaction, F(3,57) = 2.68, p =.055, partial n2 = 0.124. Paired samples t-tests 

comparing incongruent and congruent trials for each region of interest revealed that the pMTG 

demonstrated significantly greater activation for incongruent (M = 4.49, SE = 0.27) than 

congruent trials (M = 3.64, SE = 0.19), t(19) =-3.83 p =.001, CI95%: [-1.30, -0.38], Cohen's d = 

0.86 (see Figure 23). In addition, the ATL and BA39/40 each showed significantly greater 

activation for incongruent (ATL: M = 5.81, SE = 0.28; BA39/40: M = 3.18, SE = 0.20) than 

congruent trials (ATL: M = 5.21, SE = 0.22; BA39/40: M = 2.76, SE = 0.19), t(19) = -2.19, p = 

.042, CI95%: [-1.18, -0.02], Cohen's d = 0.49 and t(19)= -2.66, p = .016, CI95%: [-0.76, -0.09], 

Cohen's d = 0.59, respectively. The only region not showing divergent activation during the 

familiar word N400 congruity effect was BA44/45 (Incongruent: M = 3.41, SE = 0.23; 

Congruent: M = 3.27, SE =0.17), t(19) = -0.55, p = .59, CI95%: [-0.66, 0.38], Cohen's d = 0.12. 

Results also revealed a robust main effect of region F(3,57) = 125.96, p < .001, partial n2 = .869, 

which was characterized by largest activation over the ATL, followed by the pMTG, BA44/45, 
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and BA39/40 (post-hoc pairwise comparisons). There was also a robust main effect of congruity 

F(1,19) = 8.94, p = .008, partial n2 = .320, which was characterized by greater activation during 

incongruent (M = 4.22, SE = 0.22) than congruent activation (M = 3.72, SE = .16). Thus, similar 

to Experiment 3, the ROI analyses revealed that the left pMTG, BAs 39/40 and ATL 

significantly contributed to the N400 congruity effect for familiar words. 

 

Figure 23. Experiment 4 Results – ROI sLORETA Analyses  

 

 

 

 

 

 

Note. Morphology-based regions of interest (ROIs) generated using sLORETA. In top row Condition 

differences in source-space activation for the N400 to familiar words (green = incongruent, maroon = 

congruent). On the bottom row condition differences in source-space activation to novel words (blue = 

incongruent, red = congruent). + = p <.10; * = p < .05; ** = p < .01; *** = p <.001. 
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5.2.4. Exploratory Analyses 

In the current experiment, children's behavioral responses had increased variability 

compared to children in Experiment 3. In particular, six children demonstrated chance 

performance, while all children who provided useable behavioral data in Experiment 3 

demonstrated better than chance performance. Thus, while at a group level children's average 

number of correct responses reflected that they learned and retained the new words over the 

delay, there was increased variability in children's behavioral responses in the current 

experiment. 

In the next set of exploratory analyses, I investigated the pattern of ERP responses that 

reflected strong or weak performance on the delayed comprehension test. I grouped participants 

into categories of "strong" or "weak" learners based on their performance on the behavioral test 

(see Yu & Smith, 2011, for similar a grouping procedure and investigation of individual 

differences in a cross-situational learning task). Specifically, the 11 children who responded 

correctly on five or more trials were counted as strong learners and the other six children who 

responded correctly on four or less were in the weak learner group. The average age in months 

for the strong (M = 51.27, SE = 0.79) and weak learners (M = 50.17, SE = 1.22) were similar, 

t(15) = -0.79, p = .44, CI95%: [-4.08, 1.86]. The grouping rule was straightforward and meant as 

an approximate division by learning. I then extracted and compared children's ERP responses of 

these groups during the testing phase.  
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5.2.4.1. "Strong learners" Novel Word Congruity Effects 

 From approximately 372-456 msec over right parietal (P6, T6/P8, P10) and temporo-

parietal (TP8, TP10) electrode sites, strong learners demonstrated a reliable congruity effect 

characterized by an enhanced negativity to incongruent versus congruent words (p <.05) (Figure 

24). Over right parietal and temporo-parietal sites the effect encompassed a clear negative wave 

that peaked at approximately 432 msec in the incongruent condition. A paired samples t-test on 

the electrical potentials averaged across electrode sites and time-window identified by the 

cluster-based bootstrap test revealed that incongruent trials were significantly more negative (M 

= -1.44, SE = 1.31) than congruent trials (M = 2.51, SE = 1.19), t(19) = -3.01, p = .013, CI95%: [-

6.88, -1.02], Cohen's d = 0.91. From about 428-472 msec, there was a congruity effect over left 

central (C5, C3, C1), centro-parietal (CP5, CP3, CP1), and parietal (P5, P3) electrode sites. The 

pattern of activity characterizing this effect was reversed to the pattern characterizing the right 

parietal N400 effect: ERPs to incongruent words were more positive relative to congruent trials.  

Figure 24. Experiment 4 Results – "Strong Learners" Novel Word Congruity Effects 
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Note. Panel A: Topographical maps illustrating, on the top row: statistically significant congruity effects 

in response to novel words according to the cluster-based bootstrap test (p <.05), and on the bottom row: 

raw congruity effects (differences between incongruent and congruent waveforms). Panel B: Grand 

averaged waveforms in the congruent (red) and incongruent (blue) conditions for selected electrodes on 

which children demonstrated N400 effects.  

 

5.2.4.2. "Weak learners" Novel Word congruity Effects 

 There were no significant congruity effects for weak learners at p = .05. Given the 

exploratory nature of these analyses I report results from the cluster-based bootstrap test 

thresholded at p = .10. At this relaxed threshold weak learners showed two congruity effects. The 

first was an extension of the P1 congruity effect that emerged in the group-level analyses. The 

effect occurred over left fronto-central and central sites from 124-172 msec and was 

characterized by more positive responses for congruent than incongruent trials. The second effect 

occurred from 272-328 msec over midline centro-parietal and parietal electrode sites (CPz, Pz, 

E79, E80, CP2) (see Figure 25). This effect was characterized by enhanced negativities for 

incongruent (M = -1.28, SE = 0.81) relative to congruent words (M = 2.10, SE= 0.66), t(5) = -

B) 
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5.40, p = .003, CI95%: [-4.99, -1.77], Cohen's d = 2.20. Over these electrode sites the PMN wave 

peaked at 316 msec and occurred on a sustained negativity following the P2. In sum, the two 

groups demonstrated qualitatively different congruity effects. Strong learners showed an N400 

effect over right posterior electrode sites, while weak learners showed a weak PMN effect over 

centro-parietal sites. 

 

Figure 25. Experiment 4 Results – "Weak Learners" Novel Word Congruity Effects 

 

 

 

 

 

 

 

 

 

Note. Panel A: Topographical maps illustrating, on the top row: statistically significant congruity effects 

in response to novel words according to the cluster-based bootstrap test (p <.10), and on the bottom row: 

raw congruity effects (differences between incongruent and congruent waveforms). Panel B: Grand 

averaged waveforms in the congruent (red) and incongruent (blue) conditions for selected electrodes on 

which children demonstrated PMN effects (p <.10).  
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5.3. Discussion 

 Children's pattern of responses in Experiment 4 were strikingly different compared to 

Experiment 3: as a group 4-year-olds showed only an early congruity effect but no later N400 

effect when new words were taught in a cross-situational task without a pre-training familiar 

object labeling routine. The early effect was short-lasting from 96-136 msec and occurred on the 

ascending limb of the P1 component. These ERP findings differed from those in Experiment 3 

even though children in both experiments received the exact same word-object co-occurrence 

statistical input during training. Children also demonstrated better than chance performance on 

the delayed comprehension test, replicating Experiment 3 findings and providing evidence that 

they learned and retained the new words. Exploratory analyses revealed individual differences in 

children's behavioral performance and ERP responses. In particular, children who showed strong 

performance on the delayed comprehension test (i.e., correct responses on five or more trials) 

demonstrated an N400 effect, while children who showed weak behavioral performance (i.e., 

correct responses on four or fewer trials) demonstrated an early P1 and PMN effect that trended 

towards significance. I discuss the implications of these findings for the cross-situational 

learning literature.   

 From the outset I reasoned that familiar object labeling before training may impact the 

lexical representations young children acquire because it provides them with an expectation that 

they will hear labels for objects. This reasoning was based on previous research showing that 

providing infants with contextual information which clarifies the referential status of novel 

words leads infants to establish a word-object mapping (e.g., Fennell & Waxman, 2010; Werker 

& May, 2014). I hypothesized that without familiar object labeling children would not show an 

N400 but would still show early congruity effects indicating that they attended to the word-
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object information during training and engaged statistical learning mechanisms to acquire an 

indexical relation for the new word-object pairs.  

As a group, children showed an early congruity effect on the ascending limb of the 

fronto-central/central P1 component. This effect likely does not reflect higher-level lexico-

semantic processes that are engaged later during processing. As mentioned above, research has 

reported modulations of the frontocentral/central P1 component in phonological priming and 

matching tasks (e.g., Bonte & Blomert, 2004; Friedrich & Friederici, 2004). These early effects 

are often interpreted as reflecting acoustic/phonological processing that occur when participants 

analyze the sound pattern of the incoming target word.  

 The presence of this early congruity effect along with the behavioral findings indicate 

that children attended to the word-object correspondences during training and retained the new 

word-object pairs in long-term memory. Children's successful behavioral performance was 

particularly impressive given that the comprehension test was administered about 20 minutes 

after training. In this time span children completed the ERP testing procedure in which they saw 

many incorrect (incongruent) and correct (congruent) word-object pairings. Three additional 

pieces of evidence indicate that children were generally alert during training and motivated to 

complete the tasks. First, inspection of the videos of children during training confirmed that 

children's head and body were positioned towards the computer screen displaying the word-

object correspondences for the entirety of the training. Of course, this evidence does not reveal 

whether children attended or selected the information for further processing, but they do show 

that children were generally oriented towards the stimuli during training. Second, children 

demonstrated lexico-semantic processing of familiar words during ERP testing, indicating that 

they processed information as expected during the testing procedure. Finally, the onset of the 
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first four training trials was preceded by a salient picture of a cartoon image which appeared at 

the center of the computer screen. The presence of salient, abruptly presented "attention-getter" 

pictures are known to capture children's attention. The evidence suggests that children likely 

were alert and oriented towards the stimuli during training, engaged typical semantic processing 

during ERP testing for familiar words, and demonstrated retention of the new words on the 

delayed behavioral test.  

To further probe the nature of lexical representations underlying children's successful 

behavioral performance, I grouped together "weak" and "strong" learners and compared ERPs to 

congruent and incongruent conditions within each group. Strong learners showed a novel word 

N400 congruity effect with the same scalp location and timing as demonstrated by children in 

Experiment 3. Whereas weak learners showed weak P1 and PMN effect over right centro-parietal 

sites that appeared at a relaxed threshold of p < .10. These findings suggest that both strong and 

weak learners attended to the information during training and acquired the word-object pairings. 

But only strong learners showed a robust N400 effect reflecting the acquisition of lexico-

semantic representations for the meaning of the new word-object pairs. For weak learners who 

showed poorer learning, these children's behavioral performance was not because they 

incorrectly sampled the wrong possible word-object pairings, or because they did not attend to 

the information. Instead, weak learners may have engaged distinct learning mechanisms to 

acquire phonological representations that reflect an indexical understanding of the words, while 

strong learners acquired semantic representations that reflect a symbolic understanding of the 

new words.  

These exploratory findings are informative because they reveal that different patterns of 

ERP responses may relate to children's behavioral performance on the cross-situational task. But 
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they also bring about several questions that need to be addressed by future research. First, why 

do some children show an N400 effect and strong behavioral performance even though they 

received no contextual cues indicating that the novel words were meant to be labels for the 

objects they co-occurred with, while other children showed relatively weaker performance? This 

evidence suggests that, while all children did not learn well without the familiar object labeling, 

some children did and demonstrated evidence of having formed semantic representations. This 

means that clarification about the referential status of the novel words provided by familiar 

object labeling is not necessary for establishing semantic representations in a cross-situational 

learning task. 

A second unresolved question concerns why some children showed weak behavioral 

performance and only early ERP congruity effects. Additional research is needed to clarify what 

exactly diminished these children's semantic processing in Experiment 4. As mentioned above 

they may have engaged a different learning mechanism because without familiar object labeling, 

they did not perceive the words as labels for the objects. A second possibility is that learning 

diminished because the familiarization helped young children better understand the structure of 

the training regimen. One way future research can distinguish between these possibilities is to 

implement a pre-training familiarization which provides information about the structure of the 

task but does not indicate that the incoming speech is meant to be symbols for objects. For 

instance, young children can see a pair of events in left and right locations and hear sounds that 

"go-with" the events rather than "stand-for" them. As an example, a video on the left can show a 

child being tickled and on the right a child eating ice cream while children hear "ouch!" and 

giggling. In this case the sound patterns are indices that go with the events but do not necessarily 

symbolize those events. This familiarization routine would highlight the underlying structure of 
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the cross-situational learning task (i.e., will see things on the left and right and hear things that 

correspond with the events, but the order of these stimuli are not associated), but does not 

provide any information that clarifies the referential status of the words. If familiar object 

labeling helps because it clarifies the referential status of the words and not because it highlights 

the task structure, then in this condition we would expect to see no robust N400 effect.  

 While children's novel word processing was strikingly different compared to children in 

Experiment 3, children's processing of familiar words was remarkably similar across both 

experiments. In particular, the familiar word N400 congruity effect in Experiment 4 appeared 

over the same left centro-parietal electrode sites as in Experiment 3. Further, the ROI source 

analyses revealed that the pMTG, BAs 39/40 and ATL all showed different levels of activation 

in the incongruent and congruent conditions during the N400 effect to familiar words. In adults 

the pMTG has been thought to be involved in the effortful retrieval of semantic representations 

(Davey, Thompson, Hallam, Karapanagiotidis et al., 2016) and is thought to underlie the N400 

effect (Lau et al., 2008).  

 Although I did not have any predictions regarding congruity effects later than the N400 

component, 4-year-olds showed two distinct congruity effects from 600-800 msec in response to 

familiar words that were not shown by children in Experiment 3. The first was a posterior effect 

in which incongruent words elicited more positive ERPs than congruent words and the second 

was a left frontal effect where incongruent words elicited more negative ERPs than congruent 

words. Previous research has shown semantic priming effects in the 600-800 msec "late positive 

component" (LPC) time window following the N400 effect. For instance, Bakker et al. (2015) 

found that familiar words preceded by semantically unrelated familiar word primes elicited more 

negative responses over frontal, central, and posterior sites as compared with semantically 



 

104 

 

related familiar word primes. Bakker and colleagues review evidence to suggest that this later 

component, in contrast to the N400, reflects controlled, non-automatic processes of semantic 

retrieval. They cite studies from Hoshino and Theirry (2012) and Martin et al. (2009) showing 

that when bilinguals access word meanings in a non-attended language, participants showed 

modulations of the N400 but not LPCs, while the attended language elicited priming effects in 

both windows. One possibility is that the post-N400 congruity effects found for familiar words in 

the current experiment, but not in Experiment 3, may reflect a consistent difference between 

novel and familiar words on every trial for each participant (see Bakker et al., 2015 for a similar 

suggestion). That is, as a group, children in Experiment 4 may have not associated many 

semantic features with the novel words, which differed from the rich semantic features that were 

associated with the familiar words. The mixing of children's processing of novel and familiar 

words, which consistently differed in the number of semantic features associated with the words, 

may have led children to engage more effortful and controlled semantic retrieval of familiar 

words in the current experiment. 
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Chapter 6: General Discussion 

The central goal of this research was to use the ERP method to investigate what is learned 

after four exposures to word-object pairings in an computerized, cross-situational learning task, 

and whether this learning is affected by contextual information clarifying that the words were 

meant to be labels for the novel objects. In Experiment 3, when children experienced familiar 

object labeling before novel word training in a cross-situational learning task, they subsequently 

demonstrated early P2/PMN and later N400 effects to the recently acquired novel words. This 

pattern of responses suggests that children encoded representations for the novel word forms, 

associated them with their referents, and acquired semantic representations for the new words. In 

Experiment 4, when children did not experience familiar object labeling before training, they 

showed only a short-lasting early effect encompassing the P1. Follow-up exploratory analyses in 

Experiment 4 revealed individual differences in children's learning, with some children in 

showing strong behavioral performance and an N400 and others showing weak behavioral 

performance and early P1/PMN effects. These findings show that not all children acquire 

semantic representations for novel words that are trained in a cross-situational task without a 

warm-up, familiar object labeling routine. But also, that children do not necessarily require 

familiar object labeling to learn the meaning of new words in a cross-situational learning task. I 

discuss the relevance of these findings with respect to practical implications on the study of 

cross-situational learning and implications for broader theories of early word learning. 

Perhaps the most straightforward implication of the current findings is that experimenter 

decisions about how to introduce cross-situational tasks can have unintended consequences on 

the strength of word representations young children encode in those tasks. This is particularly 

important given that pre-training procedures vary considerably across cross-situational learning 
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studies. For instance, in the original Smith and Yu (2008) task (which I used to develop 

Experiment 4 procedures), 12-14-month-old infants only received "attention-getter" slides before 

some of the word-object exposures, without any explicit information that the words were labels 

for the novel objects (see also Yu & Smith, 2011). In this procedure there is minimal contextual 

information that the novel words are meant to be labels for objects, and instead infants' attention 

is captured by the salient stimuli before the relevant word-object information is presented. 

Contrast this procedure with Suanda and colleagues (2014) who presented 4-to-6-year-old 

children with an extensive pre-training familiarization in which children were introduced to a 

ladybug puppet and were told that their goal was to learn the ladybug's names for her favourite 

toys. In other research still, words are generated by speech synthesizers (e.g., MacDonald et al., 

2017). It is entirely possible that across these studies learners approach the task with different 

levels of an awareness of the referential status of the novel words which ultimately depends on 

the pre-training familiarization routine that is implemented. Moreover, the current findings 

highlight the importance of carefully considering the familiarization procedures that are 

implemented because these can affect the likelihood that children will encode lexico-semantic 

representations for the new words in the subsequent training. Future research can use the 

methods developed in the current research to investigate if even younger children's learning is 

affected by the familiarization routine that is implemented.  

6.1. N400 Reflecting Semantic Expectations and Meaning Acquisition 

The novel ERP testing approach implemented in the current research sheds light on the 

nature of lexical representations in cross-situational learning. In Experiment 3 children 

demonstrated a robust N400 effect for recently acquired novel words. In Experiment 4, strong 

learners also demonstrated an N400 effect. In both focal experiments, the novel word N400 
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congruity effect appeared over right parietal electrode sites. This was also true in the small-scale 

pilot study with adults (see Figure 26 below for summary). These findings converge with a 

growing body of findings showing that the ERP method can be used with young children and 

adults to track the acquisition of new word meanings (e.g., Batterink et al., 2011; Borgström et 

al., 2015; Borovsky et al., 2010; 2012; Friedrich & Friederici, 2008, 2011, 2015; Junge et al., 

2012; Mangardich & Sabbagh, 2018; Mestres-Missé et al., 2007; Perfetti et al., 2005; von Koss 

Torkildsen et al., 2008, 2009). The N400 amplitude is thought to reflect the effort involved in 

retrieving from long-term memory conceptual knowledge associated with the eliciting word, 

which is influenced by the extent to which this knowledge is cued (or primed) by the preceding 

context. More specifically, the N400 amplitude reflects lexical access/retrieval, whereby the ERP 

eliciting word form is mapped onto a representation of word meaning, while considering the 

context in which it occurs (Kutas & Federmeier, 2011). 

Figure 26. Novel Word N400 Effects Across Experiments  

 

 

 

 

 

 

Note. Top row, statistically significant congruity effects in the 400-500 msec time window characterizing 

novel word N400 effects across Experiments 1, 3, and 4. Bottom row, raw electrical voltage congruity 

differences.  
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In the current experiments, the N400 was established by displaying a visual picture prior 

to presenting an auditory word. Upon seeing the picture, adults and children accessed semantic 

information about the word label that "stands for" that object. Then they subsequently heard the 

target word. When the target word was incongruent with the accessed semantic representation for 

the picture prime, the N400 was enhanced, reflecting the additional resources or cognitive effort 

children engaged to retrieve a semantic representation of the meaning associated with the 

eliciting word. Thus, the finding of N400 modulation to recently acquired words suggests that 

learners acquired meaningful semantic representations for the new word-object pairings trained 

in the cross-situational learning task.  

It is important to note that, while the N400 provides evidence that participants learned 

new word meanings, this knowledge likely reflects only a partial understanding of meaning. 

Probing comprehension after a few exposures may reveal only a partial grasp of the semantics. 

For instance, the lexical representations children acquired for the new words may support an 

initial inference about the symbolic meaning of the novel word, but children certainly have not 

worked out the precise details of how the word can be used in different contexts. This initial 

inference for the word-object mapping provides only a starting point for establishing the 

conventional meaning for new words (Clark, 2007). Perhaps through additional exposures and 

use of the new terms children may be prompted to elaborate on these preliminary meanings, and 

more deeply integrate these meanings into lexico-semantic memory. However, the crucial point 

is that the N400 marks the beginning of this extended semantic integration process. It reflects 

that children understand that the words have symbolic meaning and that they go beyond simply 

associating he word with the object it repeatedly co-occurred with.  
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Along these lines of thinking, some research suggests that the scalp distribution of the 

N400 effect can be used to distinguish between partial versus robust acquisition of new word 

meanings. In one study, Frishkoff, Perfetti, and Collins-Thompson (2010) varied the strength of 

meaning that adult participants can assign to very rare target words (e.g., "impavid") by 

presenting these words in either highly constraining sentences (e.g., "The impavid firefighter ran 

into the burning house") or weakly constraining sentences (e.g., "His friends did not consider 

him a very impavid man"). The authors reasoned that highly constrained sentence contexts 

would provide learners with strong linguistic cues to the word's meaning and that the weakly 

constrained sentences would provide learners with relatively little information about the word's 

meaning. A day after this training, participants completed an ERP priming task in which they 

heard the rare word that was assigned meaning and then a familiar word that either matched or 

did not match the word in meaning (e.g., match: impavid – brave; mismatch: impavid - angry). 

Results showed that the location of the N400 was modulated depending on the training context: 

rare words that were trained in a highly constrained sentence context, and thus generated 

representations with robust meaning, elicited an N400 over frontal and parietal scalp regions. By 

contrast, there was a much smaller congruity effect for rare words trained in low-constraint 

contexts over parietal sites, and no congruity effect whatsoever over frontal sites. These findings 

suggest that the neural resources learners engage to retrieve new word meanings varies 

depending on whether hypotheses about meaning are incomplete or fairly robust.  

We can gain insight into children's activation of partial versus robust meaning by 

considering the scalp distribution of N400 responses to recently acquired novel words and 

familiar words. In both the focal experiments, the N400 congruity effect for familiar words 

appeared over classic left centro-parietal sites. This was also true in the small-scale pilot study 
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with children (see Figure 27). In Experiment 3, children also showed an N400 effect for novel 

words that had a right posterior scalp location which differed from the scalp location of the 

familiar word N400 effect, consistent with previous research (e.g., Bakker et al., 2015; Mestres-

Missé et al., 2007; Mills, Conboy, & Paton, 2005; von Koss Torkildsen et al., 2008, 2009). The 

consistent scalp location of the N400 effect for familiar words across experiments provided a 

strong basis for conducting source localization analyses. In both the focal experiments source 

localization analyses indicated that the left pMTG, in addition to left ATL and BAs 39/40, 

contributed to the N400 effect for familiar words. There was less clear evidence on the neural 

generators underlying the N400 effect for novel words, as none of the ROIs showed different 

levels of activation for incongruent versus congruent words. From this evidence we can draw a 

tentative conclusion that incomplete or partial understandings for new word meanings tested in a 

visual-picture/auditory-word matching task engages neural sources that are at least partially 

distinct from the pMTG, BAs 39/40, and ATL regions engaged during the processing of word 

meanings that are well integrated in lexico-semantic memory. 

Figure 27. Familiar Word N400 Effects Across Experiments 

 

 

 

 

Note. Top row, statistically significant congruity effects in the 400-500 msec time window characterizing 

familiar word N400 effect across Experiments 2-4. Bottom row, raw electrical voltage congruity 

differences.  

Experiment 2 Experiment 3 Experiment 4 



 

111 

 

6.2. Early Effects Reflecting Acoustic/Phonetic Expectations  

Across all experiments for novel words, participants showed modulation of early 

components preceding the N400. In the focal experiments, children in Experiment 3 showed an 

enhanced P2/PMN negativity over right posterior electrode sites, while in Experiment 4 there was 

a short-lasting but reliable congruity effect that manifested over the frontocentral/central P1. In 

the pilot studies adults showed enhanced N1 negativities over fronto-central/central sites for 

congruent words while young children showed enhanced P2/PMN negativities for incongruent 

words over right posterior electrode sites. These effects occurred early during spoken word 

recognition before 300 msec. Research suggests that these effects reflect influences of top-down 

acoustic or phonological expectations on subsequent bottom-up processing of auditory inputs 

(Connolly & Phillips, 1994; D’Arcy et al., 2000; Newman et al., 2003). These top-down 

expectations were established by displaying a picture prior to presenting an auditory word. The 

presence of these early effects suggest that learners acquired the word-object associations and 

actively predicted the word-form that was associated with the preceding picture.   

In Experiment 3 and the pilot study with children, the PMN effect had a posterior scalp 

distribution. This is consistent with a recent study examining the PMN in a picture-word priming 

task in 8-to-10-year-olds (Kornilov, Magnuson, Rakhlin, Landi, & Grigorenko, 2015). Other 

studies with adults report a more widespread distribution of the PMN in the picture-word 

matching paradigm (e.g., Archibald & Joanisse, 2012; Malins, Desroches, Robertson, Newman, 

Archibald, & Joanisse, 2013). For instance, in Malins et al. (2013) the PMN appeared over all 

midline electrode sites. It is interesting to note that the scalp location of the PMN effect seems to 

vary with the difficulty of the task. For instance, in some studies adult participants see a written 

word (e.g., hat), then a letter (e.g., c). They are instructed to read the first word and the following 
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letter and then to anticipate the auditory target word that would begin with the phoneme 

corresponding to the letter prime (e.g., cat) (Connolly et al., 2001). The PMN to mismatched 

words in these and other phonological priming paradigms that require additional working 

memory demands, such as phoneme deletion tasks, exhibits a fronto-central rather than posterior 

distribution (e.g., Newman et al., 2003; Newman & Connolly, 2009; Connolly et al., 2001). This 

suggests that the different scalp location of the PMN across studies may reflect distinct aspects 

of acoustic processing depending on task demands, but additional work is needed to investigate 

this possibility. 

For familiar words, early effects reflecting acoustic/phonetic processing were challenging 

to detect using the matching paradigm. In Experiment 4 there was a lack of an early congruity 

effect, even though the incoming incongruent familiar word always had an initial phoneme that 

mismatched the expected word's initial phoneme. Children in the pilot study also did not 

demonstrate any early congruity effects for familiar words. The most likely explanation for this 

is that I used only four familiar word-object pairs, with each word repeated 20 times (10 times in 

each of the congruent and incongruent conditions)4. Previous picture-word matching studies have 

isolated the early PMN effect using many familiar words (e.g., 30 word-object pairs). Given the 

small number of familiar words used, children may have retained these words in their 

phonological working memory because they learned over time that only a few lexical candidates 

needed to be accessed for the purposes of the task. Future research should test this possibility by 

increasing the number of familiar word-object pairs used in the matching paradigm. 

 

4 Note that this same reasoning does not apply for novel words because 8 novel words were used 

and the phonological representations for these words were likely not well integrated into the 

lexicon.   
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There is some evidence to suggest that the elicitation of the PMN component is sensitive 

to the number of activated word candidates in phonological working memory. D'Arcy and 

colleagues (2004) presented participants with visual-auditory sentence pairs (e.g. visual: "The 

man is teaching in the classroom"; auditory: "The man is in the school/barn"). The final word in 

the second auditory sentence was either semantically related or unrelated to the final word in the 

first sentence. D'Arcy and colleagues also manipulated the probability of the final words, with 

low probability words being more difficult to anticipate. So for example, in the high probability 

congruent condition participants read "The boy is swimming in the shallow end" and heard "the 

boy is in the pool", and in the low probability congruent condition participants read "the woman 

is swimming in the sunken ship" and heard "the woman is in the ocean". Results showed that low 

probability congruent words elicited a small PMN while the high-probability congruent words 

did not elicit a detectible PMN wave. D'Arcy and colleagues interpreted the lack of a PMN 

component in the high-probability congruent condition as a function of the possible number of 

acceptable candidates. That is, in that condition where participants could strongly anticipate 

which word went with the terminal word in the preceding sentence, the lack of a PMN reflects 

that they activated a small number of possible candidates. Whereas in the low probability 

condition participants had to activate a greater number of alternatives. The sensitivity of the 

PMN to the number of active word candidates provides evidence for a functional interpretation 

that involves the size of the phonological search set maintained in working memory. It may be 

that the small number of familiar words used in the current experiments were few enough to 

retain in phonological working memory, which led to children not engaging deep phonological 

processing of the familiar words. 
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6.3. Future Directions 

In addition to the potential avenues for future research described above, the findings from 

Experiment 4 especially warrant further investigation. There, some children showed strong 

performance while others weaker performance. One intriguing possibility is that, despite the lack 

of overt social cues or a pre-training familiar object labeling routine, the repeated presentation of 

temporally contiguous word-object links might make learners aware that the trained words are 

meant to be intentional and relevant communicative devices (see e.g., Schwab & Lew-Williams, 

2016). This possibility has theoretical roots in Sperber and Wilson’s (1986) Relevance Theory of 

human communication, which argues that the repeated presentation of linguistic communication 

at the “right time” increases the perceived relevance of the speech (pg. 106). This then triggers in 

learners an inferential learning process in which the strong learner attempted to recover why the 

speech is relevant to them – ultimately inferring the speaker’s intended meaning. Alternatively, a 

second possibility is that strong learners acquired the meanings of new words in cross-situational 

learning not because they process the words as intentional and relevant communicative devices, 

but rather because of domain-general auditory processes affecting attention allocation to visual 

input (Sloutsky & Robinson, 2008). Proponents of this view contend that infants’ abilities to 

attach novel words (e.g., “fep” and “wug”) to objects presented in an associative learning 

paradigm may be due to the similar phonetic structure of the novel words compared to actual 

words in the infant’s language. This phonetic familiarity is thought to increase infants’ visual 

attention to the presented objects, resulting in a link between the two elements through domain-

general associative learning processes (Sloutsky & Robinson, 2008).  

These two proposals implicate distinct learning mechanisms. If the repeated presentation 

indicates that the information is of communicative relevance, then we should see markers of 
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learning come "on-line" after a few trials in which children repeatedly see word-object pairings. 

Conversely, if children learn new words in cross-situational learning and other associative 

learning tasks because the phonetic similarity of the novel words increases attention, then we 

should see the correlates of attention come "on-line" from the beginning of training.  

One potentially important neural signature that is related to learners' expectation of 

receiving relevant and useful information is anticipatory EEG theta oscillations. In a recent 

study, Begus, Gliga, and Southgate (2016) recorded and analyzed 11-month-olds’ EEG theta 

oscillations (3- to 5-Hz theta frequency range) during an anticipatory period before a speaker 

provided a label for a novel object. Across two conditions, the speaker differed in whether she 

had previously provided labels for familiar objects during a familiarization phase (informative 

condition) or not (uninformative condition; in this case, the speaker simply pointed at the object 

while vocalizing ‘Oooh’). Results showed that infants in the informative condition who expected 

linguistic information for the novel objects demonstrated increased theta activity relative to 

baseline over bilateral temporal electrode sites. In a second study, infants exhibited increased 

anticipatory theta activity when they encountered a native- versus foreign-speaking 

experimenter, both of whom were providing information about novel objects. Begus et al. (2016) 

interpreted the increased theta activity before any information was conveyed as suggesting that 

infants prepared to learn information from the native and informative speakers to a greater extent 

than the foreign and uninformative speakers. Previous research has found that increased 

prestimulus oscillatory theta predicts better retention of the subsequently presented information 

presented (Fell et al., 2011; Gruber, Watrous, Ekstrom, Ranganath, & Otten, 2013; Guderian, 

Schott, Richardson-Klavehn, & Düzel, 2009). Furthermore, anticipatory theta rhythms have been 

shown to be modulated by participants' motivation to encode information (Gruber et al., 2013), 
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suggesting theta activity may be indicative of an active preparatory state for learning (Begus & 

Southgate, 2018). If young children perceive the information as being communicatively relevant 

after they are repeatedly presented, then we should expect to see increased pre-stimulus 

oscillatory theta as training proceeds. Thus, a reasonable next step to test between these two 

hypotheses is to investigate children's EEG activity during training.  

6.4. General Implications for Early Word Learning 

Evidence from the current studies have implications for theories of early word learning. 

A recent, influential computational model by McMurray et al. (2012) proposes that early word 

learning proceeds through an associative learning mechanism that harnesses cross-situational 

word-object co-occurrence statistics. The model takes a connectionist stance in which learners' 

cognitive system initially starts with processing many possible mappings between word-forms 

and objects. The model proposes that no learning takes place in the moment-to-moment 

situations where infants hear speakers provide new words and attempt to infer what objects they 

are intending to label. Rather, learning emerges over many situations and over development as 

some of these connections will be pruned, and others will be strengthened through cross-

situational statistical learning. The model also proposes that social information from a speaker 

such as eye-gaze or body pointing simply serves to change the degree of consideration or 

activation learners have for certain word-object pairings without affecting long-term learning. 

Rather, these inferences simply serve to change the activation of certain word-object 

associations. The built up of lasting linkages for these associations instead is thought to rely on 

cross-situational statistical learning mechanisms that modify word-object connection weightings.   

Findings from the current study contributes to this literature. First, the findings suggest 

that the cross-situational learning mechanisms supports the rapid acquisition of robust lexico-
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semantic representations for new word meanings even after only a limited number of exposures 

to the word object pairs. This suggests that semantic learning does take place in the moment-to-

moment situations as learners attempt to uncover what objects a word is referring to, and that 

there does not need a long period of co-activation between words and objects to support word 

learning. Second, for a small number of children who did not experience familiar object labeling 

before training, the input of the word-object associations alone was not sufficient to support 

robust lexico-semantic learning. It may be the case that while the familiar object labeling is not 

necessary for subsequent semantic word learning, its presence does seem to support better 

performance.  

The findings also have implications for neurobiological models of early word learning. 

The standard neurobiological account from the adult literature posits that different aspects of 

word learning are served by separate but complementary neural systems (Davis & Gaskell, 

2009). The first system is the episodic memory system which stores an association between a 

spoken word and a referent, and the context in which they are experienced into an "episodic 

representation". This system is thought to depend on subcortical mechanisms within the medial 

temporal lobe (MTL) and the hippocampus. The second system is the semantic memory system 

which is associated with stablishing a stable lexico-semantic representation for the new word-

referent link. In contrast to the first system, this system is thought to rely on neocortical 

mechanism, in particular regions of association cortex, that allow for connections between some 

new piece of information and a wider semantic network. The standard model of language 

acquisition argues that semantic representations for novel words requires long-term consolidation 

(Ullman, 2004; Davis & Gaskell, 2009; James, Gaskell, Weighall, & Henderson, 2017), 
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The presence of lexico-semantic representations detected shortly after novel word 

training, well before the processes of semantic consolidation are thought to occur, suggests that 

under the appropriate circumstances, lexico-semantic representations are created very quickly 

after exposure to labeling events. Of course, these representations may change over time as 

children gain more experience and engage the processes normally associated with consolidation, 

but their initial creation may not be the result of slower consolidation processes. This evidence 

converges with a growing body of work showing that neural representations of new words can 

emerge rapidly in adults (Merhav et al., 2015; Atir-Sharon et al., 2015; Yue, Bastiaanse, & Alter, 

2014; Alexandrov, Boricheva, Pulvermüller, & Shtyrov, 2011; Kimppa,  Kujala, & Shtyrov, 

2016; Kimppa, Kujala, Leminen, Vainio, & Shtyrov, 2015; Hofstetter, Friedmann, & Assaf, 

2017; see Hebscher et al., 2019 for a review) and young children (Ekerdt, Kühn, Anwander, 

Brauer, & Friederici, 2020). For example, the initial acquisition of new word meanings acquired 

through fast-mapping in adults influences pre-existing long-term lexical cortical associations 

(Coutanche & Thompson-Schill, 2014; Coutanche & Koch, 2017) and are rapidly integrated into 

the existing semantic store as reflected by modulation of the N400 ERP component (Borovsky et 

al., 2012). Evidence for rapid lexical and semantic integration is consistent with neuroimaging 

findings that, during retrieval, items encoded through fast mapping engage the ATL network 

whether they were encoded 30 min or 24 hours previously (Merhav et al., 2015). A recent study 

with 4-year-olds showed that the status of the white-matter in the left middle temporal gyrus 

thought to be involved in supporting semantic processes, was predictive of word learning a week 

after novel word training in preschool children (Ekerdt et al., 2020). These findings all converge 

on the notion that the neural structures supporting the rapid semantic word learning may be 

engaged rapidly in appropriate contexts.  
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6.5. Challenges and Limitations 

 The current research has several limitations. Although each may limit the strength of the 

generalizations possible from the experiments, future research can address these limitations. 

First, to elicit early congruity effects, it was important to use acoustic stimuli that were 

distinctive from their initial phonemes. I selected eight words that were disyllabic, differed in 

their initial consonants and had similar spectrograms and waveforms. While I attempted to 

control for important feature characteristics such as average frequency, intensity, and duration, 

additional steps should be taken to ensure equivalent psycholinguistic and acoustic properties 

across the novel word stimuli. For instance, one should inspect the fundamental frequency tracks 

for the words and normalize all stimuli. In addition, one could investigate the word recognition 

point for each stimulus to ensure that the critical point in time where stimuli could first be 

identified was similar across the words (Grosjean, 1980).  

As mentioned earlier, a second limitation was that I used a small number of familiar 

words in the ERP matching paradigm. The primary reason was that I was concerned that children 

would experience cognitive fatigue if they were exposed to too many word stimuli during ERP 

testing. In addition, although the matching paradigm was able to detect both early and later 

effects reflecting phonological versus semantic processes, the procedures differed from 

psychophysiological studies focused on investigating phonological processes specifically. For 

instance, I did not include a condition during ERP testing where the expected word and the target 

word shared initial overlap in sound but not meaning. Future work can increase the number of 

familiar words used and implement a design that is better suited to isolate the early PMN effect.  

 Third, following training, children received additional cross-situational statistical 

information during the ERP test. For instance, following training the same words and their 
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objects co-occurred in the congruent condition further strengthening the word-object pairings. 

Thus, the ERP findings as well as findings from the delayed comprehension test may not speak 

only to what children learned during training, but also whether they continued to accrue 

information during the ERP testing phase.  

 Lastly, the delayed behavioral test was not very well piloted. In previous research, 

children often experience familiarization routines before test trials that demonstrates the structure 

of the testing procedure and how they should respond to questions. In Experiment 3, the first five 

children did not experience a familiarization routine. Being tested on their knowledge for the 

new word-object pairs in this way immediately following an approximately 12-minute long ERP 

testing seemed to be challenging for some children. In addition, asking children to point to 

indicate their responses seemed to be problematic; a small number of children selected distracter 

familiar objects shortly upon hearing a label for a different target object. Future research would 

benefit from using more sensitive measures that do not require an overt response, such as eye-

gaze data.  

6.6. Conclusion 

I used a novel ERP testing approach to investigate what young children learn in a cross-

situational learning task. Findings suggest that the nature of learning in cross-situational learning 

is affected by the pre-training familiarization routine that is used. In Experiment 3, when 4-year-

olds experienced familiar object labeling before training, they encoded the novel word form-

object associations and assigned meaning to the new words. In Experiment 4, when 4-year-olds 

did not experience familiar object labeling, children were less likely to assign meaning to the 

new words. Exploratory analyses revealed individual differences indicating that most children 

performed well on the behavioral test and also showed a significant N400 congruity effect. These 
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findings suggest that while children were less likely to encode meaning without the 

familiarization, the presence of the familiarization was not necessary for meaning acquisition. 

Researchers interested in investigating cross-situational learning should consider the impact of 

familiarization routines on subsequent learning. Additional research is needed to test different 

hypotheses about the neural mechanisms children engaged during encoding to acquire robust 

lexico-semantic representations in these circumstances.  
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Appendix C: Experiment 3 Results Excluding Data from 3 Children  

Familiar Word Incongruent and Congruent Waveforms  

 

 

 

 

 

 

 

 

 

 

 

Note. Electrodes are labeled in 10-20 equivalent locations. The maroon lines indicate congruent trials and 

the green lines indicate incongruent trials. Shaded regions reflect 95% confidence intervals around the 

grand averaged waveform.   
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Familiar Word Congruity Effects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Panel A) Topographical maps illustrating, on the top row: statistically significant congruity effects 

in response to familiar words according to the cluster-based bootstrap test, and on the bottom row: raw 

congruity effects (differences between incongruent and congruent waveforms). Panel B) grand averaged 

waveforms in the congruent (maroon) and incongruent (green) conditions for selected electrodes 

demonstrating P1 and N400 effects. Rectangles indicate time windows in which the condition differences 

met statistical significance criteria. Shaded regions reflect 95% confidence intervals around the grand 

averaged waveform.  
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Novel Word Incongruent and Congruent Waveforms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Electrodes are labeled in 10-20 equivalent locations. The red lines indicate congruent trials and the 

blue lines indicate incongruent trials. Shaded regions reflect 95% confidence intervals around the grand 

averaged waveform.  
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Experiment 3 Novel Word Congruity Effects  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Panel A: Topographical maps illustrating, on the top row: statistically significant congruity effects 

in response to novel words according to the cluster-based bootstrap test, and on the bottom row: raw 

congruity effects (differences between incongruent and congruent waveforms). Panel B: grand averaged 

waveforms in the congruent (red) and incongruent (blue) conditions for selected electrodes demonstrating 

PMN and N400 effects. Rectangles indicate time windows in which the condition differences met 

statistical significance criteria. Shaded regions reflect 95% confidence intervals around the grand 

averaged waveform.  
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