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Abstract 24 

Purpose: The extant literature suggests that individual differences in speech perception can be 25 

linked to broad receptive language phenotype. For example, a recent study found that individuals 26 

with a smaller receptive vocabulary showed diminished lexically guided perceptual learning 27 

compared to individuals with a larger receptive vocabulary. Here we examined (1) whether such 28 

individual differences stem from variation in reliance on lexical information or variation in 29 

perceptual learning itself, and (2) whether a relationship exists between between lexical 30 

recruitment and lexically guided perceptual learning more broadly, as predicted by current 31 

models of lexically guided perceptual learning.  32 

Method: In Experiment 1, adult participants (n = 70) completed measures of receptive and 33 

expressive language ability, lexical recruitment, and lexically guided perceptual learning. In 34 

Experiment 2, adult participants (n = 120) completed the same lexical recruitment and lexically 35 

guided perceptual learning tasks to provide a high-powered replication of the primary findings 36 

from Experiment 1. 37 

Results: In Experiment 1, individuals with weaker receptive language ability showed increased 38 

lexical recruitment relative to individuals with higher receptive language ability; however, 39 

receptive language ability did not predict the magnitude of lexically guided perceptual learning. 40 

Moreover, the results of both experiments converged to show no evidence indicating a 41 

relationship between lexical recruitment and lexically guided perceptual learning. 42 

Conclusions: The current findings suggest that (1) individuals with weaker language ability 43 

demonstrate increased reliance on lexical information for speech perception compared to those 44 

with stronger receptive language ability, (2) individuals with weaker language ability maintain 45 

an intact perceptual learning mechanism, and (3), to the degree that the measures used here 46 
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accurately capture individual differences in lexical recruitment and lexically guided perceptual 47 

learning, there is no graded relationship between these two constructs.  48 
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Introduction 49 

In speech perception, listeners must accommodate for the fact that there is no one-to-one 50 

mapping between speech acoustics and any given consonant or vowel. Despite this lack of 51 

invariance, phonemes are perceived categorically (Liberman et al., 1957) and their 52 

representations exhibit a rich internal structure that reflects typicality of speech input (Miller, 53 

1994). The mapping between speech acoustics and speech sounds can be dynamically modified 54 

by both bottom-up (Clayards et al., 2008; Kleinschmidt & Jaeger, 2015) and top-down learning 55 

mechanisms (Ganong, 1980; Norris et al., 2003).  56 

 Indeed, it has long been known that listeners use lexical information to facilitate speech 57 

perception (Ganong, 1980). When presented with a potentially ambiguous acoustic variant such 58 

as a voice-onset-time (VOT) value ambiguous between /g/ and /k/, listeners are more likely to 59 

perceive the variant as a member of the category that is consistent with lexical knowledge 60 

(Ganong, 1980). For example, when the variant precedes /ɪs/, listeners are more likely to 61 

perceive the variant as /k/ than /g/, consistent with the interpretation that yields the real word kiss 62 

as opposed to the nonword giss. However, when the same variant precedes /ɪft/, listeners are 63 

more likely to perceive the variant as /g/, as gift is a real word and kift is a nonword.  64 

This lexical influence on speech perception (also known as the Ganong effect) can be 65 

exploited for lexically guided perceptual learning (Norris et al., 2003; Samuel & Kraljic, 2009), 66 

in which repeated exposure to ambiguous input in lexically biasing contexts leads to persistent 67 

changes in the mapping between acoustics and speech sounds, even when lexical context is 68 

subsequently removed. For example, after repeated exposure to an ambiguous fricative (i.e., 69 

spectral energy ambiguous between /s/ and /ʃ/) in place of /s/ in lexical contexts (e.g., in place of 70 

/s/ in pencil), individuals will categorize a continuum of sounds ranging from /s/ to /ʃ/ as having 71 
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more /s/ than /ʃ/ tokens. However, if individuals instead receive exposure to the ambiguous 72 

fricative in place of /ʃ/ in lexical contexts (e.g., in place of /ʃ/ in ambition), then they will 73 

categorize the same continuum of sounds as having more /ʃ/ than /s/ tokens. Thus, lexically 74 

guided perceptual learning allows listeners to dynamically modify the mapping between speech 75 

acoustics and speech sound categories, even when disambiguating lexical context is subsequently 76 

removed. Learning in this paradigm is robust; it extends beyond the boundary region to facilitate 77 

a comprehensive reorganization of phonetic category structure (Drouin et al., 2016; Xie et al., 78 

2017). Moreover, learning can persist over time (Eisner & McQueen, 2006; Kraljic & Samuel, 79 

2005). Lexically guided perceptual learning is often assessed using a between-subjects design in 80 

which one group of listeners receives an exposure block biased towards /s/ perception followed 81 

by a test block, while the other receives an exposure block biased towards /ʃ/ perception before 82 

test. In the absence of any additional input from exposure talker, learning can be observed 83 

following both short and long delays between exposure and test (Kraljic & Samuel, 2005; Eisner 84 

& McQueen, 2006). However, if listeners hear a second, opposite exposure block from the same 85 

speaker, listeners can rapidly retune to the talker’s new input, as has been shown when lexically 86 

guided perceptual learning is assessed using a within-subjects design (Saltzman & Myers, 87 

2018).1 88 

Though lexically guided perceptual learning is a robust phenomenon when assessed at the 89 

group level, individual differences in the degree to which adults learn have been observed. A 90 

growing body of research suggests that individual differences in lexically guided perceptual 91 

learning may reflect individual variation in the relative weighting of phonetic and lexical 92 

                                                
1 A retraction notice (Saltzman & Myers, 2020) for this study was issued after the initial submission of 

the current manuscript. Because the results presented in Saltzman and Myers (2018) contributed to the 

scientific premise of the current work, we describe them here so that the introduction is a veridical 
representation of our understanding of the scientific record as this study was developed. 
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information for speech perception. For example, Scharenborg, Weber, and Janse (2015) found 93 

that older adults with higher attention-switching capability showed decreased lexically guided 94 

perceptual learning compared to those with lower attention-switching capability. Attention-95 

switching was measured via the Trail-Making Test, a standardized measure in which participants 96 

must connect alternating letters and numbers in sequence (Reitan, 1958). The authors suggested 97 

that this finding may reflect individuals with higher attention-switching ability relying more on 98 

phonetic information, whereas individuals with lower attention-switching ability instead rely 99 

more on lexical information. Because this study tested older adults, future research is needed in 100 

order to determine whether such relationships will also be observed in different populations. 101 

Recent findings from Colby, Clayards, and Baum (2018) lend additional support to the 102 

hypothesis that differences in lexical access contribute to individual differences in lexically 103 

guided perceptual learning. Specifically, individuals with a lower receptive vocabulary showed 104 

diminished lexically guided perceptual learning compared to individuals with a higher receptive 105 

vocabulary. Colby and colleagues assessed individual differences in both distributional learning 106 

and lexically guided perceptual learning in two age groups (younger and older adults) using a 107 

between-subjects design. In both age groups, receptive language ability (as measured by the 108 

Peabody Picture Vocabulary Test [PPVT-3]; Dunn & Dunn, 1997) predicted perceptual learning 109 

such that individuals with lower PPVT scores demonstrated less learning-consistent responses in 110 

both the distributional learning and lexically guided perceptual learning tasks. Similar to the 111 

hypothesis of Scharenborg and colleagues (2015), Colby et al. (2018) suggested that this pattern 112 

may reflect individuals with a larger vocabulary relying on lexical information to a greater 113 

degree than those with a smaller vocabulary. 114 

While the hypothesis that lexical recruitment modulates lexically guided perceptual 115 
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learning was not directly tested in these studies, it is consistent with work demonstrating that 116 

individuals do in fact differ in the degree to which they rely on lexical information for speech 117 

perception (Ishida et al., 2016). Ishida and colleagues tested listeners on two tasks. In the first 118 

task, listeners made same-different judgements for pairs of stimuli consisting of a natural speech 119 

token and a locally time-reversed speech token. Stimuli consisted of both word and nonword 120 

items, and the lexical effect was quantified as the difference in sensitivity (d’) between word and 121 

nonword items. The second task was phonemic restoration, in which listeners judged the 122 

phonetic similarity between acoustically modified and unmodified versions of word and 123 

nonword items. In the phonemic restoration task, the lexical effect was quantified as the 124 

difference in phonemic restoration between word and nonword items. Ishida and colleagues 125 

found that (1) individuals varied in the degree to which lexical status influenced performance and 126 

(2) individual differences in lexical reliance were stable across tasks such that individuals who 127 

showed a stronger effect of lexical status on the perceived intelligibility of locally time-reversed 128 

speech stimuli also showed a stronger effect of lexical status on phonemic restoration. These 129 

findings suggest that some adults rely more heavily on lexical information than others, and that 130 

lexical reliance is not dependent on a specific task. 131 

Moreover, the hypothesis that lexical recruitment is directly related to lexically guided 132 

perceptual learning (Colby et al., 2018; Scharenborg et al., 2015) is consistent with current 133 

leading models of speech perception that account for lexically guided perceptual learning. Two 134 

classes of speech perception models have accounted for the process by which lexical information 135 

influences speech perception, as shown in Figure 1. Interactive theories such as TRACE 136 

(McClelland & Elman, 1986) posit that lexical information guides perception online – feedback 137 

from the lexicon can influence perception itself. In the TRACE model, acoustic input activates 138 
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feature information, which feeds forward to the phoneme level and then to the lexical level. A 139 

defining aspect of the TRACE architecture is that activation can feed backward from the lexical 140 

level to the phoneme level and from the phoneme level to the feature level. Phonemic decisions, 141 

such as identifying which of two phonemes are heard during the standard lexically guided 142 

perceptual learning test task, are modeled as the node with the highest level of activation in the 143 

phoneme layer. A Hebbian learning dynamic in the TRACE model allows lexical feedback to 144 

strengthen the bidirectional connections between lexical, phoneme, and feature levels based on 145 

prior exposure, leading to perceptual learning (i.e., an adjusted connection between the initially 146 

ambiguous input and phonemes) even in nonword contexts (Mirman et al., 2006). The TRACE 147 

model suggests that lexical recruitment, which is often measured in the form of lexical effects 148 

(such as the Ganong effect), necessarily contribute to the phenomenon of lexically guided 149 

perceptual learning (Mirman et al., 2006). 150 

Modular (i.e., feed-forward) theories such as Merge (Norris et al., 2000) posit that lexical 151 

information does not modify online processing, but instead guides processing at a later decision-152 

level stage. In the Merge model, acoustic input activates nodes at a prelexical (phoneme) level, 153 

which feeds forward to the lexical level to facilitate word recognition. Unlike TRACE, there is 154 

no feedback from the lexical level to earlier processing levels. To model phonemic decisions, 155 

Merge posits that information from both the phoneme and lexical levels feeds to separate 156 

decision nodes, which are responsible for determining phonetic categorization. In this way, the 157 

decisions made during speech perception are influenced by both phonemic and lexical 158 

information, but without lexical information directly feeding back to the phonemic level. 159 

Learning in this model occurs when activation from the phoneme and lexical levels is 160 

mismatched at the decision level. As a result, a training signal from the decision level modifies 161 
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prelexical representations, thus modeling a learning effect that can generalize across words. As 162 

in TRACE, learning is contingent on lexical recruitment in the Merge model.  163 

Though these models differ in whether lexical information directly feeds back to 164 

phonemic representations, they converge on three points for modeling individual differences in 165 

lexically guided perceptual learning. First, activation of units within the phonemic and lexical 166 

levels is probabilistic, meaning that a specific phoneme/word may be activated with high 167 

probability (e.g., 0.9) while other phonemes/words may also be activated for the same input but 168 

with a low probability (e.g., 0.1). Probabilistic activation of representational units is fully 169 

consistent a wide body of literature for spoken word recognition (e.g., Allopenna et al., 1998; 170 

McClelland & Elman, 1986).  Second, both models posit that lexically guided perceptual 171 

learning cannot occur without lexical activation, an assumption that is supported by findings 172 

demonstrating that lexically guided perceptual learning does not occur when exposure consists of 173 

ambiguous sounds embedded in nonwords (Norris et al., 2003). Third, both models dissociate 174 

online lexical processing from learning within their architectures. That is, though lexical 175 

recruitment is necessary for lexically guided perceptual learning to occur, it is not sufficient for 176 

learning; lexical information needs to be passed to an intact learning mechanism that modifies 177 

the mapping between acoustics and phonemes. 178 

Within these frameworks, individual differences in lexically guided perceptual learning 179 

can be modeled in at least two ways. First, individual differences in learning could be 180 

accommodated by positing that the degree to which information from the lexical level 181 

contributes to reaching a lexical decision (whether online or post-perceptually) has the potential 182 

to vary on an individual level. Such differences may reflect the relative availability of acoustic 183 

and lexical information, leading some individuals to weight acoustic information more highly 184 
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than lexical information, or vice versa. These differences may then feed into the learning 185 

mechanism, influencing the degree to which individuals dynamically adapt to variation in the 186 

speech signal. Second, individual differences in learning could be modeled by variability in the 187 

learning mechanism itself.  Specifically, both models allow for the possibility that the learning 188 

mechanism itself can be selectively impaired, without impairment in lexical recruitment; thus, an 189 

individual who demonstrates strong lexical recruitment (for example, a strong Ganong effect) 190 

may not necessarily demonstrate an equivalently strong learning effect. Recall that Colby and 191 

colleagues (2018) hypothesized that lexically guided perceptual learning was diminshed in those 192 

with weaker receptive language due to weaker use of lexical information during speech 193 

perception. This hypothesis is fully consistent with the models described above, but is potentially 194 

at odds with findings examining lexical recuitment in children with specific language impairment 195 

(SLI). Schwartz et al. (2013) measured the magnitude of the Ganong effect in children with and 196 

without SLI and observed a larger Ganong effect in children with SLI compared to their typically 197 

developing peers. This finding suggests that individuals with weaker receptive language ability 198 

may show increased reliance on lexical information for speech perception, in opposition to 199 

Colby and colleagues’ suggestion that weaker receptive language ability is associated with 200 

decreased reliance on the lexicon. While these seemingly contrary findings may have arisen 201 

from any of the methodological differences between these studies, it is theoretically possible that 202 

weaker receptive language ability can be associated with both an increased reliance on the 203 

lexicon and a deficit in lexically guided perceptual learning created by impairment to the 204 

learning mechanism. Consistent with the TRACE and Merge frameworks, an impaired learning 205 

mechanism in individuals with weaker receptive language ability would result in deficits to 206 

lexically guided perceptual learning despite intact (or even stronger) lexical recruitment.  207 
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Within this context, the goal of the current investigation is twofold. First, we examine 208 

whether the relationship between receptive language ability and lexically guided perceptual 209 

learning can be attributed to individual differences in lexical reliance in individuals with lower 210 

language ability, or whether they are attributable to variation in the learning mechanism itself. 211 

Second, we examine whether there is a relationship between lexical recruitment and lexically 212 

guided perceptual learning, as is predicted by both the TRACE and Merge models. To do so, 213 

participants in Experiment 1 completed four subtests of the Clinical Evaluation of Language 214 

Fundamentals – 5th Edition (CELF; Wiig, Semel, & Secord, 2013) in addition to tasks assessing 215 

the Ganong effect and lexically guided perceptual learning. CELF subtests consisted of two that 216 

assess expressive language (Formulated Sentences, Recalling Sentences) and two that assess 217 

receptive language (Understanding Spoken Paragraphs, Semantic Relationships). Separate 218 

expressive and receptive language profiles were obtained in order to examine potential 219 

specificity of these constructs as contributors to individual differences in lexical recruitment and 220 

perceptual learning; two measures for expressive and receptive language were collected in order 221 

to assess convergence in results between the measures assessing each of these broad constructs. 222 

Participants in Experiment 2 completed the same Ganong and lexically guided perceptual leaning 223 

tasks as for Experiment 1 but did not complete the CELF measures. 224 

If individual variation in lexically guided perceptual learning is due to individual 225 

differences in lexical recruitment, then individuals with weaker receptive language ability should 226 

show a diminished Ganong effect in addition to diminished perceptual learning. Alternatively, if 227 

weaker perceptual learning in individuals with weaker receptive langauge abiltiy is attributable 228 

to impairment in the learning mechanism itself, consistent with the procedural deficit (Ullman & 229 

Pierpont, 2005) and statistical learning deficit (Hsu & Bishop, 2014) hypotheses of language 230 
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impairment, then individuals with weaker language ability will show diminished lexically guided 231 

perceptual learning regardless of the degree of lexical recruitment. Independent of language 232 

ability, if lexical recruitment modulates lexically guided perceptual learning – as predicted by 233 

both the TRACE and Merge models, then performance on the Ganong task will predict 234 

performance on the lexically guided perceptual learning task such that increased lexical 235 

recruitment is associated with increased perceptual learning. 236 

Experiment 1 237 

Method 238 

Participants. The participants were 70 native speakers of American English (20 men, 50 239 

women) between 18 and 26 years of age (mean = 20, SD = 2) who were recruited from the 240 

University of Connecticut community. Thirty-one participants had experience with a second 241 

language, with self-reported proficiency of novice (n = 18), intermediate (n = 11), or advanced (n 242 

= 2). All participants passed a pure tone hearing screen administered at 25 dB for octave 243 

frequencies between 500 and 4000 Hz and had nonverbal intelligence within normal limits 244 

(range = 86 – 122, mean = 103, SD = 9) as assessed using the standard score of the Test of 245 

Nonverbal Intelligence – 4th Edition (TONI; Brown, Sherbenou, & Johnsen, 2010). The TONI is 246 

normed to reflect a population mean of 100 (SD = 15). All participants completed Ganong and 247 

lexically guided perceptual learning tasks (described below) in addition to assessments of 248 

expressive and receptive language ability. Language ability was assessed using the standard 249 

score2 of four subtests from the Clinical Evaluation of Language Fundamentals – 5th Edition 250 

                                                
2 Twelve of the 70 participants were beyond the oldest age (21 years) provided for the standard 
score conversion of the CELF-5. Calculation of standard scores for these participants was made 
using the oldest age provided for the conversion, which is sensible given that this age bracket 
represents a maturational end-state. However, all analyses conducted with standard scores were 
also conducted with raw scores, and qualitatively similar results were observed in all cases. 



 13 

(CELF; Wiig et al., 2013); scoring (e.g., trial-level scoring, calculation of standard score) was 251 

performed as outlined in the administration manual. 252 

Expressive language was assessed using the Formulated Sentences and Recalling 253 

Sentences subtests. For Formulated Sentences, participants are asked to generate a sentence to 254 

describe a specific picture that contains one (or two) words provided by the experimenter. 255 

Responses are scored based on the appropriateness of the sentence in the context of the stimulus 256 

picture. For Recalling Sentences, participants are required to repeat verbatim a sentence provided 257 

by the experimenter. Though the Recalling Sentences task requires contributions from perception 258 

and memory in order to be completed successfully, this subtest is characterized as an expressive 259 

language measure in the CELF manual. Receptive language was assessed using the 260 

Understanding Spoken Paragraphs and Semantic Relationships subtests. For Understanding 261 

Spoken Paragraphs, participants hear a series of short passages read by the experimenter and 262 

answer comprehension questions for each passage. For Semantic Relationships, participants are 263 

asked to solve short word problems that probe semantic knowledge by selecting the two correct 264 

items from a set of four items following a spoken prompt. An example problem is hearing “Jan 265 

saw Pedro. Pedro saw Francis. Who was seen?” and being shown Jan, Dwayne, Pedro, and 266 

Francis as possible response items (with the correct answers being Pedro and Francis). Due to 267 

an error in implementing the reversal rule during CELF-5 administration, the number of 268 

participants that could be accurately scored for a given subtest varied slightly across the four 269 

subtests (Formulated Sentences, n = 54; Recalling Sentences; n = 58; Understanding Spoken 270 

                                                
These analyses can be viewed by executing the supplemental analysis script provided in the OSF 
repository: https://osf.io/r5sp9/. 
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Paragraphs, n = 70; Semantic Relationships, n = 63).3 Figure 2 shows the distribution of standard 271 

scores for each of the four CELF subtests; standard scores for the CELF subtests reflect a 272 

population mean of 10 (SD = 3). 273 

Stimuli: Ganong task. Stimuli for the Ganong task were two eight-step voice-onset-time 274 

(VOT) continua that perceptually ranged from giss to kiss and gift to kift, respectively. Both 275 

continua were created using the Praat software (Boersma, 2002) from tokens produced by a 276 

native male speaker of American English. Drawing from recorded productions that were free of 277 

acoustic artifact, a single /ɪs/ portion was selected for the giss-kiss continuum and a single /ɪft/ 278 

portion was selected for the gift-kift continuum such that duration of the /ɪs/ (374 ms) and /ɪft/ 279 

(371 ms) portions were equivalent. To create the VOT portion (cueing the initial consonant), 280 

eight different VOTs (17, 21, 27, 37, 46, 51, 59, and 71 ms) were created by successively 281 

removing energy from the aspiration region of a natural kiss production. The first step contained 282 

the burst plus the first quasi-periodic pitch period; subsequent steps contained this burst in 283 

addition to aspiration energy that increased across continuum steps. These eight VOTs were then 284 

spliced to the selected /ɪs/ and /ɪft/ portions. With this procedure, the only difference among steps 285 

within a given continuum was VOT duration and the only difference between continua for a 286 

given step was lexical context (cued by the /ɪs/ or /ɪft/ context). All stimuli were normalized for 287 

                                                
3 The nature of the administration error for the Formulated Sentences, Recalling Sentences, and 
Semantic Relationships subtests, discovered after data collection was completed in conjunction 
with a double-check of the scoring data, is as follows. For all three subtests, participants began 
the test at the item appropriate for their age. In some cases, the participant did not meet the 
reversal rule (i.e., perfect score on the first two consecutive items) and the administrator failed to 
go back to the first item and test forward to the initial start point. As a consequence, the raw 
score for the affected participants may be higher than what would have been obtained if the 
reversal rule had been implemented correctly. As described in the main text, affected participants 
were removed from specific subtest analyses in light of this error. We note that even with their 
removal, the sample size for each subtest analysis (n ≥ 54 in all cases) remains large relative to 
similar recent investigations (e.g., n = 31 for the young adult sample in Colby et al., 2018).  
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peak amplitude. 288 

As described above, the VOT portion cueing the initial consonant was identical between 289 

the two continua, with the coda portion (i.e., /s/ and /ft/) providing the critical lexical context 290 

required to elicit a Ganong effect. A preliminary experiment was conducted in order to ensure 291 

that perception of VOT was indeed equivalent between the two continua in the absence of lexical 292 

context. This study was hosted online by the Gorilla platform following procedures described for 293 

Experiment 2. Participants (n = 20 monolingual English speakers between 20 and 34 years of age 294 

with no history of language disorders) were recruited from the Prolific participant pool and 295 

passed the headphone screen of Woods and colleagues (Woods, Siegel, & McDermott, 2017) at 296 

the beginning of the experiment. Stimuli for this preliminary study consisted of those described 297 

for the Ganong task (2 continua x 8 steps) in addition to two parallel continua that were created 298 

by removing the coda portion from each of the 16 stimuli, thus creating two “control” continua 299 

that each perceptually ranged from /gɪ/ to /kɪ/. All participants completed two blocks of phonetic 300 

categorization, one for the control stimuli and one for the Ganong stimuli; block order was fixed 301 

across participants (control block followed by Ganong block). Each block consisted of 10 302 

repetitions of the 16 stimuli appropriate for each block presented in randomized order. On each 303 

trial, participants were asked to identify the initial sound as either /g/ or /k/ by pressing an 304 

appropriately labeled key on the keyboard. 305 

Mean proportion /k/ responses for each continuum in each block are shown in Figure 3. 306 

Visual inspection suggests that a Ganong effect was indeed observed in the Ganong block, 307 

reflecting more /k/ responses for the giss-kiss continuum compared to the gift-kift continuum. In 308 

contrast, /k/ responses appear equivalent between the two continua in the control block.  309 

To confirm this pattern statistically, trial-level responses (/g/ = 0, /k/ = 1) were submitted 310 
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to a generalized linear mixed effects model as implemented in the lme4 (Bates et al., 2015) 311 

package in R. The fixed effects included VOT (scaled/centered around the mean), continuum, 312 

block, and all interactions. Continuum and block were sum-coded (continuum: gift-kift = -0.5, 313 

giss-kiss = 0.5; block: control = -0.5, Ganong = 0.5). The random effects structure consisted of 314 

random intercepts by participant and random slopes for VOT, continuum, and block by 315 

participant. An interaction between continuum and block was observed (𝛽 = 2.248, SE = 0.174, z 316 

= 12.927, p < .001). To explicate the nature of the interaction, separate models with the fixed 317 

effects of VOT, continuum, and their interaction were constructed for each block. The main 318 

effect of continuum was significant in the Ganong block (𝛽 = 1.836, SE = 0.467, z = 3.936, p < 319 

.001) but not in the control block (𝛽 = -0.175, SE = 0.159, z = -1.100, p = .271). This preliminary 320 

study confirms that the stimuli developed for the Ganong task are appropriate for use in the 321 

primary experiment. 322 

 Stimuli: Perceptual learning task. Stimuli for the lexically guided perceptual learning 323 

task were those in Myers and Mesite (2014) to which the reader is referred for comprehensive 324 

details on stimulus creation. We used this stimulus set given that it has been shown to 325 

successfully elicit lexically guided perceptual learning across numerous samples (Drouin et al., 326 

2016; Drouin & Theodore, 2018; Myers & Mesite, 2014; Saltzman & Myers, 2018).  In brief, 327 

there were two sets of exposure stimuli (one for the /s/-bias block and one for the /ʃ/-bias block) 328 

and one set of test stimuli, all produced by a single female native speaker of American English. 329 

The exposure sets each consisted of 200 auditory items (100 words and 100 nonwords). For word 330 

items, 20 were critical /s/ items (e.g., pencil), 20 were critical /ʃ/ items (e.g., ambition), and 60 331 

were filler items that contained no instances of /s/ or /ʃ/. For the /s/-bias set, the medial /s/ of the 332 

critical /s/ items was replaced with an ambiguous fricative (consisting of a 50:50 blend of /s/ and 333 
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/ʃ/ sounds). For the /ʃ/-bias set, the medial /ʃ/ of the critical /ʃ/ items was replaced with an 334 

ambiguous fricative (i.e., a 50:50 blend of /s/ and /ʃ/ sounds). Test stimuli consisted of a seven-335 

step continuum that perceptually ranged from shine to sign. The continuum was created by 336 

blending the initial fricatives from natural productions of sign and shine in different proportions 337 

ranging from 20:80 (20% /s/ and 80% /ʃ/, the shine end of the continuum) to 80:20 (80% /s/ and 338 

20% /ʃ/, the sign end of the continuum) in 10% steps. All stimuli were normalized for peak 339 

amplitude using Praat (Boersma, 2002). 340 

Procedure. Participants were tested individually in a sound-attenuated booth. Stimuli 341 

were presented via headphones (Sony MDR-7506) at a comfortable listening level held constant 342 

across participants. Responses were made via button box (Cedrus RB-740). Stimulus 343 

presentation and response collection were controlled using SuperLab (version 4.5) running on a 344 

Mac OS X operating system. For both tasks, participants were directed to respond as quickly and 345 

accurately as possible and to guess if they were unsure. 346 

The Ganong task consisted of 160 trials, formed by 10 repetitions of the eight continuum 347 

steps for each of the giss–kiss and gift–kift continua; items were presented in randomized order 348 

(ISI = 1500 ms). On each trial, participants indicated whether the initial sound was either /g/ or 349 

/k/. Participants then completed two blocks of lexically guided perceptual learning. All 350 

participants first received /s/-bias exposure (followed by test) and then received /ʃ/-bias exposure 351 

(followed by test). During exposure, the 200 items appropriate for the specific exposure block 352 

were presented in randomized order (ISI = 2000 ms). On each trial, participants indicated 353 

whether each item was a word or nonword. During test, eight repetitions of the seven test stimuli 354 

were presented in randomized order (ISI = 2000 ms); participants were asked to categorize each 355 

item as either sign or shine. 356 
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All participants completed the Ganong task before the lexically guided perceptual 357 

learning task in order to mitigate the possibility that the Ganong effect would be inflated due to 358 

possible carryover effects from the LGPL task. Specifically, the LGPL task requires listeners to 359 

make lexical decisions during the exposure phase, but the Ganong task requires listeners to make 360 

phonetic decisions. If listeners had completed the LGPL task first, then they may have been 361 

primed to approach the Ganong task as a lexical decision task instead of a phonetic 362 

categorization task. Participants were given a brief break in between the two tasks and received 363 

monetary compensation or partial course credit for their participation. 364 

Results 365 

Ganong task. Trial-level data and a script (in R) to reproduce all analyses presented in 366 

this manuscript can be retrieved at: https://osf.io/r5sp9/. Responses on the Ganong task were 367 

coded as either /g/ (0) or /k/ (1). Trials for which no response was provided were excluded (< 1% 368 

of the total trials). To visualize performance in the aggregate, mean proportion /k/ responses was 369 

calculated for each participant for each step of the two continua. Responses were then averaged 370 

across participants and are shown Figure 4, panel A. Visual inspection of this figure reveals a 371 

robust Ganong effect; more /k/ responses are observed for the giss-kiss continuum compared to 372 

the gift-kift continuum.  373 

To examine this pattern statistically, trial-level responses (0 = /g/, 1 = /k/) were fit to a 374 

generalized linear mixed-effects model (GLMM) using the glmer() function with the binomial 375 

response family (i.e., a logistic regression) as implemented in the lme4 package (Bates et al., 376 

2015) in R. The fixed effects included VOT, continuum, and their interaction. VOT was entered 377 

into the model as continuous variable, scaled and centered around the mean. Continuum was 378 

sum-coded (giss–kiss = 0.5, gift–kift = -0.5). The random effects structure consisted of random 379 
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intercepts by participant and random slopes by participant for VOT, continuum, and their 380 

interaction. As expected, the model showed a significant effect of VOT (𝛽 = 3.463, SE = 0.153, z 381 

= 22.698, p < .001), indicating that /k/ responses increased as VOT increased. There was a 382 

significant effect of continuum (𝛽 = 1.265, SE = 0.177, z = 7.141, p < .001), with the direction of 383 

the beta estimate indicating increased /k/ responses in the giss–kiss compared to the gift–kift 384 

continuum. There was also an interaction between continuum and VOT (𝛽 = 1.097, SE = 0.187, z 385 

= 5.882, p < .001), indicating that the magnitude of the Ganong effect was not equivalent across 386 

continuum steps. Thus, the results of this model confirm the presence of a Ganong effect for 387 

participants in the aggregate. 388 

The next set of analyses were conducted in order to examine whether the magnitude of 389 

the Ganong effect was linked to performance on the receptive and expressive language measures. 390 

To do so, trial-level data (0 = /g/ response, 1 = /k/ response) were fit to a series of mixed effects 391 

models, one for each CELF subtest. Subtests were tested in separate models due to collinearity 392 

among predictors. The fixed effects in each model consisted of VOT, continuum, the CELF 393 

subtest, and all interactions among the three factors. Continuum was sum-coded as described for 394 

the aggregate model; VOT and CELF subtest were entered into the model as continuous 395 

variables (scaled/centered around the mean). The random effects structure consisted of random 396 

intercepts by participant and random slopes by participant for VOT, continuum, and their 397 

interaction. In all models, evidence of a link between subtest performance and the Ganong effect 398 

would manifest as an interaction between continuum and subtest. 399 

The results of the four models are shown in Table 1. There was no interaction between 400 

continuum and subtest for Formulated Sentences (p = .911), an expressive language measure. 401 

However, the continuum by subtest interaction was significant for the expressive Recalling 402 
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Sentences measure (p = .020) and both receptive language measures (Understanding Spoken 403 

Paragraphs, p = .008; Semantic Relationships, p = .007). The (negative) direction of the beta 404 

estimate for the significant interactions indicates a larger Ganong effect (i.e., difference between 405 

the giss-kiss and gift-kift continua) for those with weaker receptive language scores. 406 

Figure 5, panel A shows the beta estimate and 95% confidence interval for the continuum 407 

by subtest interaction for all four subtests. To illustrate the nature of the interaction, Figure 5, 408 

panel B shows performance on the Ganong task according to a median split of participants based 409 

on USP score; though both groups show a Ganong effect, the magnitude of this effect is larger in 410 

those with weaker receptive language as indexed by USP score. The same qualitative pattern – a 411 

larger Ganong effect for those with weaker compared to stronger language scores – was present 412 

for the other two significant interactions (i.e., Recalling Sentences, Semantic Relationships) as 413 

indicated by the negative beta estimate for each of the interaction terms.  414 

In addition, single-order correlations between the magnitude of the Ganong effect 415 

(quantified as the difference in proportion /k/ responses between the giss-kiss and gift-kift 416 

continua) and subtest standard scores were run to facilitate comparison with the extant literature. 417 

These results are presented in Table 2. In all cases, qualitatively similar results to those 418 

demonstrated by the GLMM analyses were found.  419 

Perceptual learning task. Accuracy (proportion correct) on the lexical decision task 420 

during the exposure phase was near ceiling (mean = 0.95, SD = 0.03, range = 0.86 – 0.99).4 421 

                                                
4 Recall that Colby et al. (2018) found that individuals with stronger receptive vocabulary (as 
measured by the PPVT) showed increased lexically guided perceptual learning compared to 
those with weaker receptive vocabulary. Though Experiment 1 did not include a standardized 
measure of receptive vocabulary, performance on the lexical decision task provides an indirect 
measure of vocabulary. A series of exploratory analyses was conducted for the lexical decision 
data. Mean accuracy during exposure was not correlated with any of the four CELF subtests, and 
mean accuracy during exposure was not a significant predictor of the magnitude of perceptual 
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Responses at test for the perceptual learning task were coded as either /ʃ/ (0) or /s/ (1). Trials for 422 

which no response was provided were excluded (< 1% of the total trials). To visualize 423 

performance in the aggregate (Figure 6, panel A), mean proportion sign responses was first 424 

calculated by participant in each half of the two test blocks (block 1 = /s/-bias, block 2 = /ʃ/-bias) 425 

at each step of the test continuum. Performance at test is considered over time (i.e., first half vs. 426 

second half) given research showing that lexically guided perceptual learning is attenuated 427 

throughout the test period (Liu & Jaeger, 2018, 2019). That is, recent findings have shown that 428 

exposure to the flat frequency distributions at test (e.g., eight repetitions of each of the seven test 429 

stimuli) promotes unlearning of the biased input during exposure presumably due to 430 

distributional learning that occurs throughout the test period (Liu & Jaeger, 2018, 2019). Indeed, 431 

visual inspection of Figure 6, panel A suggests that the lexically guided perceptual learning 432 

effect is present in the first half of the test block, but attenuated in the second half of the test 433 

block. 434 

To examine these patterns statistically, trial-level responses (0 = /ʃ/, 1 = /s/) were fit to a 435 

GLMM. The fixed effects included step, bias, half, and all interactions between the three factors. 436 

Step was entered into the model as a continuous variable (scaled/centered around the mean). Bias 437 

and half were sum-coded (/s/-bias = 0.5, /ʃ/-bias = -0.5; first half = 0.5, second half = -0.5). The 438 

                                                
learning during the test phase. When accuracy on the lexical decision task was measured 
separately for the four item types presented during exposure (i.e., critical /s/ words, critical /ʃ/ 
words, filler words, nonwords), there was (1) no correlation between any of the CELF subtests 
and accuracy for /s/ words or /ʃ/ words, (2) significant, moderate positive correlations between 
the two receptive language subtests and accuracy for filler words, and (3) a significant but weak 
positive correlation between the Semantic Relationships subtest and accuracy for nonwords. 
However, accuracy for either filler words or nonwords was not a significant predictor of the 
magnitude of perceptual learning during the test phase. These exploratory analyses can be 
viewed in the supplementary analysis script on the OSF repository for this manuscript: 
https://osf.io/r5sp9/. 
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random effects structure consisted of random intercepts by participant and random slopes by 439 

participant for step, bias, and half. The model showed a main effect of step (𝛽 = 3.899, SE = 440 

0.179, z = 21.835, p < .001), with /s/ responses increasing across the test continuum. There was 441 

also a main effect of bias (𝛽 = 0.503, SE = 0.191, z = 2.630, p = .009), with more /s/ responses in 442 

the /s/-bias block compared to the /ʃ/-bias block, indicative of lexically guided perceptual 443 

learning. However, there was a significant interaction between bias and half (𝛽 = 0.913, SE = 444 

0.232 z = 3.938, p < .001). Simple slopes analyses showed a robust effect of bias in the first half 445 

of the test block (𝛽 = 0.959, SE = 0.221, z = 4.338, p < .001), but no effect of bias in the second 446 

half of the test block (𝛽 = 0.046, SE = 0.226, z = 0.204, p = .839). Thus, a robust perceptual 447 

learning effect is observed at test, but it is limited to the first half of the test period in the current 448 

data, consistent with research showing that learning in this paradigm is attenuated throughout the 449 

test block as a consequence of exposure to the flat frequency distributions presented at test (Liu 450 

& Jaeger, 2018, 2019).5  451 

Given that perceptual learning in the aggregate was only observed during the first half of 452 

the test period, consistent with past research (Liu & Jaeger, 2018, 2019) – and that past research 453 

has shown that receptive language ability is linked to distributional learning (Colby et al., 2018; 454 

Theodore et al., 2019), the presumed mechanism responsible for diminished learning during the 455 

lexically guided perceptual learning test phase – the next set of analyses tested for links between 456 

the language measures and perceptual learning isolating performance to the first half of each test 457 

                                                
5 For both Experiment 1 and Experiment 2, an additional analysis examined performance across 
consecutive test block halves (e.g., first half of /s/-bias test block, second half of /s/-bias test 
block, first half of /ʃ/-bias test block, second half of /ʃ/-bias test block) using sliding contrast 
comparisons. The results of these analyses suggest that performance in the second block 
reflected boundary movement in the opposite direction of the first block instead of simple 
“unlearning” during the first test block. These analyses can be viewed on the OSF repository for 
this manuscript: https://osf.io/r5sp9/. 
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block. To do so, trial-level data (0 = /ʃ/ response, 1 = /s/ response) were fit to a series of mixed 458 

effects models, one for each CELF subtest. Subtests were tested in separate models due to 459 

potential collinearity among predictors. The fixed effects in each model consisted of step, bias, 460 

the CELF subtest, and all interactions among the three factors. Bias was sum-coded as described 461 

for the aggregate model; step and CELF subtest were entered into the model as continuous 462 

variables (scaled/centered around the mean). The random effects structure consisted of random 463 

intercepts by participant and random slopes by participant for step, continuum, and their 464 

interaction.  465 

In all models, evidence of a link between subtest performance and the perceptual learning 466 

effect would manifest as an interaction between bias and subtest. The results of the four mixed 467 

effects models are shown in Table 3. There was no significant interaction between bias and 468 

subtest for any of the expressive or receptive language measures. 469 

Figure 7, panel A shows the beta estimate and 95% confidence interval for the bias by 470 

subtest interaction for all four subtests. To illustrate the nature of the (null) interactions, Figure 7, 471 

panel B shows performance on the perceptual learning task according to a median split of 472 

participants based on USP score. Though there is a numerical trend for the learning effect to be 473 

larger for those with weaker compared to stronger receptive language (i.e., larger beta estimates 474 

for the bias by subtest interactions for the two receptive language measures compared to the 475 

expressive language measures), these relationships were not statistically reliable.  476 

Like for the Ganong task, single-order correlations between the magnitude of the learning 477 

effect (quantified as the difference in proportion /s/ responses between the first half of the /s/-478 

bias and /ʃ/-bias test blocks) and subtest standard scores were run to facilitate comparison with 479 

extant literature. These results are presented in Table 2. In all cases, qualitatively similar results 480 
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to those demonstrated by the GLMM analyses were found.  481 

 Relationship between Ganong and perceptual learning tasks. The results presented thus 482 

far show that individuals with weaker receptive language showed a larger Ganong effect, 483 

consistent with past research (Schwartz et al., 2013). The same pattern also held for one of the 484 

expressive language measures. However, none of the language measures was a reliable predictor 485 

of the magnitude of the perceptual learning effect. This finding contrasts with results from Colby 486 

and colleagues (Colby et al., 2018), who found that stronger receptive vocabulary was associated 487 

with increased learning. A final analysis tested the prediction from both modular and interactive 488 

accounts of perceptual learning (Figure 1), which posit a positive relationship between lexical 489 

recruitment and strength of perceptual learning. For each participant, we (1) quantified the 490 

magnitude of the Ganong effect as the difference in proportion /k/ responses between the giss-491 

kiss and gift-kift continua and (2) quantified the magnitude of the perceptual learning effect as 492 

the difference in proportion /s/ responses between the first half of the /s/-bias and /ʃ/-bias test 493 

blocks. In both cases, higher difference scores indicate larger effects. As can be seen in Figure 8, 494 

panel A, there was no correlation between the two measures (r = -0.08, p = .492). This held even 495 

when simply comparing the correlation of rank order between the two measures (𝜌 = -0.07, p = 496 

.587).  497 

Experiment 2 498 

The results of Experiment 1 showed that receptive language ability, as measured by the 499 

Understanding Spoken Paragraphs and Semantic Relationships CELF subtests, was inversely 500 

associated with lexical recruitment. Compared to individuals with stronger receptive language, 501 

individuals with weaker receptive language showed increased reliance on lexical information. 502 

The same relationship was also observed for the Recalling Sentences subtest, which is specified 503 
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as a measure of expressive language in the CELF manual, but may in fact reflect receptive 504 

language ability given that perception and memory processes are required to successfully 505 

complete this task. However, none of the CELF subtests was associated with lexically guided 506 

perceptual learning, and no reliable relationship in the magnitude of the lexical recruitment and 507 

perceptual learning effects was observed. That is, the magnitude of the Ganong effect did not 508 

predict the magnitude of the learning effect, in contrast to predictions made by current theories of 509 

lexically guided perceptual learning. Moreover, the lack of a relationship between the two tasks 510 

challenges previous interpretations of individual differences in lexically guided perceptual 511 

learning. 512 

Recall that in Experiment 1, bias in the perceptual learning task was manipulated within-513 

subjects in order to address potential issues with asymmetry in learning across bias conditions. 514 

Though past research has indeed found evidence that listeners rapidly recalibrate for lexically 515 

guided perceptual learning when bias is manipulated within-subjects (Saltzman & Myers, 2018), 516 

this method of measuring perceptual learning remains nonstandard in this domain. In this 517 

context, Experiment 2 was conducted as a replication of Saltzman and Myers (2018), who found 518 

that listeners rapidly retuned phonetic boundaries when lexically-biased exposure changed within 519 

an experimental session. Doing so would confirm the validity of the methodological decision to 520 

manipulate bias within-subjects in the current work. In addition, we aimed to replicate the (null) 521 

relationship between the magnitude of the Ganong effect and the magnitude of the learning effect 522 

that was observed in Experiment 1 with a larger sample size. 523 

Method 524 

Participants. Participants (n = 120; 61 men, 59 women) were recruited from the Prolific 525 

participant pool (https://www.prolific.co). All participants were monolingual speakers of 526 
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American English between 19 and 35 years of age (mean = 26, SD = 5) who were currently 527 

residing in the US and had no history of language disorders according to self-report. All 528 

participants passed the headphone screen of Woods et al. (2017), which is a protocol designed to 529 

ensure headphone compliance for web-based studies. Participants were compensated with $5.33 530 

for completing the study. An additional 43 participants were tested but excluded from the study 531 

due to failure to pass the headphone screen or failure to meet compliance checks (e.g., participant 532 

only pressed one button for the entire experiment); this attrition rate is consistent with other web-533 

based studies (Brown et al., 2018; Thomas & Clifford, 2017; Woods et al., 2017) 534 

Stimuli and procedure. The stimuli were identical to those used in Experiment 1. The 535 

procedure was identical to that outlined for Experiment 1 with three exceptions. First, all testing 536 

was completed online. The experiment was programmed using the Gorilla platform 537 

(https://gorilla.sc), which was also used to host the study online. Second, participants were 538 

randomly assigned to either the SS-SH order group (n = 60) or the SH-SS order group (n = 60) 539 

for the lexically guided perceptual learning task. The SS-SH order group thus provides a 540 

replication of the learning task used in Experiment 1, where all listeners received /s/-bias 541 

exposure (followed by test) and then /ʃ/-bias exposure (followed by test). The SH-SS order group 542 

received the same exposure but first completed the /ʃ/-bias block (exposure followed by test) and 543 

then completed the /s/-bias block (exposure followed by test). Third, participants did not 544 

complete the CELF battery because it cannot be administered in a web-based format. 545 

Results 546 

Ganong task. Performance was analyzed as outlined for the aggregate model in 547 

Experiment 1 and is displayed in Figure 4, panel B. The GLMM showed a significant effect of 548 

VOT (𝛽 = 2.874, SE = 0.116, z = 24.752, p < .001), a significant effect of continuum (𝛽 = 1.558, 549 
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SE = 0.128, z = 12.135, p < .001), and a marginal interaction between VOT and continuum (𝛽 = 550 

0.201, SE = 0.104, z = 1.922, p = .055). These results confirm the presence of a Ganong effect in 551 

Experiment 2. 552 

Perceptual learning task. Accuracy (proportion correct) on the lexical decision exposure 553 

task was near ceiling (mean = 0.95, SD = 0.04, range = 0.81 – 0.99). For the initial analysis of 554 

the test data, performance was analyzed as outlined for the aggregate model in Experiment 1 555 

(thus collapsing across order groups) and is displayed in Figure 6, panel B. As in Experiment 1, a 556 

significant interaction was observed between bias and half (𝛽 = 0.875, SE = 0.168, z = 5.225, p < 557 

.001), with learning attenuated in the second half of the test period compared to the first half of 558 

the test period. Given this interaction – and to optimally promote comparison to Experiment 1 – 559 

subsequent analyses were limited to performance in the first half of each test block. 560 

The second analysis directly compared learning between the two order groups. Trial-level 561 

responses (/s/ = 0, /ʃ/ = 1) were submitted to a GLMM with the fixed effects of step, bias, order, 562 

and their interactions. Step was entered as a continuous variable, bias and order were sum-coded 563 

(/s/ = 0.5, /ʃ/ = -0.5; SS-SH = 0.5, SH-SS = -0.5). The random effects structure consisted of 564 

random intercepts by participant, and random slopes by participant for step, bias, and their 565 

interaction. 566 

The model showed a main effect of step (𝛽 = 4.340, SE = 0.187, z = 23.178, p < .001) 567 

and bias (𝛽 = 1.787, SE = 0.310, z = 5.764, p < .001), and an interaction between step and bias (𝛽 568 

= 1.012, SE = 0.338, z = 2.999, p = .003), the latter indicating that the magnitude of the learning 569 

effect differed across continuum steps. There was no main effect of order (𝛽 = 0.026, SE = 570 

0.377, z = 0.069, p = .945), but there was a significant interaction between bias and order (𝛽 = -571 

0.977, SE = 0.492, z = -1.985, p = .047). The three-way interaction between step, bias, and order 572 
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was not reliable (𝛽 = 0.154, SE = 0.470, z = 0.327, p = .743). 573 

Simple slopes analyses were used to explicate the bias by order interaction. For the 574 

between-subjects comparisons, there was no reliable difference in /s/ responses between the two 575 

order groups for either the /s/-bias test block (𝛽 = -0.462, SE = 0.525, z = -0.881, p = .378) or the 576 

/ʃ/-bias test block (𝛽 = 0.514, SE = 0.360, z = 1.427, p = .154). For the within-subjects 577 

comparisons, an effect of bias was present in both the SS-SH order group (𝛽 = 1.298, SE = 578 

0.384, z = 3.378, p = .001) and the SH-SS order group (𝛽 = 2.275, SE = 0.406, z = 5.597, p < 579 

.001); however, the effect size (as measured by the beta estimate) is larger in the latter. 580 

Collectively, these results indicate that perceptual learning was present for both order groups, but 581 

in contrast to Saltzman and Myers (2018), the magnitude of the learning effect was larger for the 582 

SH-SS order group compared to the SS-SH order group. 583 

A third analysis tested the between-subjects learning effect in the first and second test 584 

blocks in order to assess whether potential carry-over effects from the first test block influence 585 

between-subjects performance in the second test block. Trial-level responses (/s/ = 0, /ʃ/ = 1) 586 

were submitted to two separate GLMMs, one for each test block. Both models followed the same 587 

structure, which included fixed effects of step, bias, and their interaction. Step was entered as a 588 

continuous variable; bias was sum-coded as in the aggregate model. The random effects structure 589 

consisted of random intercepts by participant, and random slopes by participant for step. Both 590 

models showed a significant main effect of bias (test block 1: 𝛽 = 1.467, SE = 0.412, z = 3.561, p 591 

< .001; test block 2: 𝛽 = 1.338, SE = 0.458, z = 2.920, p = .004).  592 

Using the beta estimates as a measure of effect size, the magnitude of the bias effect is 593 

similar between the two test blocks. To confirm this observation statistically, an additional model 594 

was tested combining data from both test blocks that included fixed effects of step, bias, block, 595 
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and all interactions between the three factors. Step was entered as a continuous variable and bias 596 

was sum-coded as in the aggregate model. Block was also sum-coded (test block 1 = 0.5; test 597 

block 2 = -0.5). Random effects included random intercepts by participant, and random slopes by 598 

participant for step, bias, and block. No interaction between bias and block was observed (𝛽 = -599 

0.091, SE = 0.739, z = 0.124, p = .901), thus providing no evidence that the magnitude of the 600 

between-subjects bias effect differed between the two test blocks. 601 

Relationship between Ganong and perceptual learning tasks. The magnitude of the 602 

Ganong effect and the magnitude of the perceptual learning effect was quantified for each 603 

participant as described for Experiment 1. The relationship between the two effects is shown in 604 

Figure 8, panel B. As for Experiment 1, there was no correlation between the two tasks in terms 605 

of either absolute magnitude (r = -0.01, p = .918) or rank order (𝜌 = -0.10, p = .277). The same 606 

patterns held when the correlations were performed within each order group separately (SS-SH: r 607 

= 0.09, p = .490, 𝜌 = -0.07, p = .596; SH-SS: r = -0.06, p = .630, 𝜌 = -0.08, p = .553). 608 

Discussion 609 

Summary 610 

The goal of the current study was twofold. First, we assessed whether individual 611 

differences in lexically guided perceptual learning associated with receptive language ability 612 

reflect variation in lexical reliance or variation in perceptual learning itself. Second, we assessed 613 

whether there is a relationship between lexical recruitment and lexically guided perceptual 614 

learning in general, as predicted by both interactive and modular models of perceptual learning.  615 

With regard to the first question, the results of Experiment 1 suggest two key findings. 616 

First, weaker language ability was associated with a larger Ganong effect, indicative of increased 617 

reliance on lexical information in these individuals. The magnitude of the Ganong effect was 618 
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predicted by both of measures of receptive language ability and one measure of expressive 619 

language ability. These results are consistent with findings demonstrating that children with 620 

specific language impairment, which is associated with receptive language deficits, exhibit a 621 

larger Ganong effect compared to typically-developing children (Schwartz et al., 2013). Second, 622 

we found no evidence of a relationship between our measures of lexically guided perceptual 623 

learning and language ability, suggesting that individuals with weaker language ability have an 624 

intact perceptual learning mechanism despite their weaknesses in broad language phenotype. 625 

These results diverge from those of Colby and colleagues (2018), who found that weaker 626 

receptive language ability (as measured by receptive vocabulary) was associated with diminished 627 

lexically guided perceptual learning. Results were comparable when derived from single-order 628 

correlations, which may yield a more transparent measure of effect size, as well as when derived 629 

from generalized linear mixed effects models, which specifically model and thus account for 630 

individual differences in the identification response function. 631 

Both experiments offer insight on our second question, which concerned the relationship 632 

between lexical recruitment and lexically guided perceptual learning in general. Despite the 633 

hypothesized relationship between these two constructs, we observed no evidence to suggest a 634 

relationship between lexical recruitment and lexically guided perceptual learning across two 635 

experiments that collectively tested 190 participants. 636 

Implications for theory 637 

Previous research (Colby et al., 2018; Scharenborg et al., 2015), as well as both the 638 

TRACE and Merge models of speech perception, suggest the existence of a relationship between 639 

lexical recruitment and lexically guided perceptual learning. For example, Colby et al. (2018) 640 

found that individuals with lower receptive vocabulary showed attenuated lexically guided 641 
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perceptual learning, which they hypothesized may reflect a decreased reliance on top-down 642 

information for speech perception. In addition, Scharenborg et al. (2015) suggested that 643 

individuals with lower attention-switching capability demonstrate diminished lexically guided 644 

perceptual learning effects because they rely on top-down lexical information to a greater degree 645 

than those with higher attention-switching capability, who instead rely more highly on bottom-up 646 

phonetic information. In the current work, we found no evidence to suggest that individual 647 

variation in lexically guided perceptual learning was linked to receptive or expressive language 648 

ability; moreover, we found no evidence to suggest a relationship between lexical recruitment 649 

and lexically guided perceptual learning more generally. 650 

Though the interpretation of null results is inherently challenging, the lack of a 651 

relationship between lexical recruitment and lexically guided perceptual learning may be treated 652 

with some degree of credibility. Zheng and Samuel (2020) outlined three criteria that could 653 

mitigate concern in interpreting null results: adequate power, sufficient between-subjects 654 

variability, and stable within-subjects performance. The current experiments clearly meet the 655 

first two criteria. Experiment 1 tested 70 participants and Experiment 2 tested 120 participants. 656 

These sample sizes are well above those generally tested for studies of lexically guided 657 

perceptual learning, and post-hoc sensitivity analyses suggest that they were sufficiently powered 658 

(1 – ß = 0.80, 𝛼 = 0.05) to detect small to moderate effects (r = 0.33 given n = 70, r = 0.25 given 659 

n = 120). The samples tested in this study yielded substantial between-subjects variability for all 660 

tasks as shown in Figure 2 (CELF subtest scores) and Figure 8 (performance in the Ganong and 661 

lexically guided perceptual learning tasks). Regarding the third criterion, as noted by Zheng and 662 

Samuel (2020), the nature of the lexically guided perceptual learning effect makes it very 663 

difficult to properly assess its within-subject stability, which we discuss further below.  664 
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As in Colby et al. (2018) and Scharenborg et al. (2015), the current study used the 665 

lexically guided perceptual learning paradigm. The discrepancy between past research and the 666 

current findings may be related to the specific tasks used to measure individual differences in 667 

language ability, lexical recruitment, and/or the specific population being tested. Colby et al. 668 

(2018) measured receptive language ability using the PPVT, whereas receptive language ability 669 

in the current work was measured using two subtests of the CELF. Accordingly, Colby and 670 

colleagues measured receptive vocabulary in isolation, whereas the language measures used in 671 

the current study encompass multiple elements of receptive language. It may be the case that 672 

individual differences in perceptual learning reflect contributions from vocabulary size that are 673 

dissociable from measures that assess receptive language ability more broadly. Further research 674 

directed towards dissociating which aspects of language processing are related to lexically 675 

guided perceptual learning should be conducted through the use of more specific measures of 676 

language ability. In past studies, reliance on lexical information was hypothesized to be the 677 

mediator of observed relationships between individual differences on the PPVT (for younger and 678 

older adults) or Trail Making task (for older adults) and lexically guided perceptual learning. In 679 

the current study, lexical recruitment was directly measured for younger adults using the Ganong 680 

task. The Ganong task is widely accepted as reflecting the contribution of lexical information to 681 

speech perception (Ishida et al., 2016; Pitt, 1995) and is therefore likely to be a valid index of 682 

lexical recruitment; however, future research should examine whether the results observed here 683 

extend to other measures of lexical recruitment and other populations (e.g., older adults). 684 

It is also possible that the lack of observed relationship between lexical recruitment and 685 

lexically guided perceptual learning is related to a potential threshold effect for a lexical 686 

influence on learning. Figure 1 depicts the relationship predicted by both interactive and modular 687 
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theories in which lexically guided perceptual learning is contingent on lexical recruitment. A 688 

potential explanation to reconcile the discrepancy between our findings and these models of 689 

speech perception is that only a certain degree of lexical access (or a certain size of the lexicon) 690 

is necessary to cue perceptual learning and that beyond this threshold, additional strength in 691 

lexical recruitment does not further contribute to lexically guided perceptual learning. That is, 692 

lexical contributions could quickly meet a point of diminishing returns. While we observed wide 693 

individual variability in the Ganong effect in our two participant samples, it is possible not 694 

enough individuals with lexical recruitment at a level below this threshold were recruited, 695 

leading to the observed lack of relationship between lexical recruitment and lexically guided 696 

perceptual learning in the current work.  697 

This explanation may also contribute to the pattern of results we observed regarding the 698 

null effect of language ability on lexically guided perceptual learning. Research on 699 

developmental language disorder (and specific language impairment) has suggested that higher-700 

level deficits in receptive language may stem from impairments early in the processing stream, 701 

including general auditory processing and global speech perception abilities (e.g., Joanisse & 702 

Seidenberg, 2003; McArthur & Bishop, 2004). Despite potential deficits in using bottom-up 703 

information to guide speech perception, the current study and previous work (Schwartz et al., 704 

2013) suggest that individuals with lower receptive language ability use top-down lexical 705 

information to scaffold speech perception to a higher extent than individuals with higher 706 

receptive language ability. It is possible that increased reliance on lexical information is a 707 

compensatory mechanism for earlier deficits in speech perception. Compensation of this sort 708 

would have benefits not only for online processing, but also for post-perceptual processes. For 709 

example, if the relative contribution of lexical information to speech perception is higher in those 710 
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with weaker receptive language in order to mitigate weaker contributions of phonetic 711 

information, then individuals with weaker language ability may surpass the minimal threshold 712 

posited above, leading to performance equivalent to those with higher receptive language ability 713 

for lexically guided perceptual learning. 714 

Limitations and considerations for future research 715 

Though the current study supports examination of the relationship between receptive 716 

language, lexical recruitment, and perceptual learning, the current work does not support the 717 

identification of causal mechanisms. While it is plausible that strengthened lexical recruitment in 718 

individuals with weaker receptive language ability could be a compensatory mechanism for 719 

courser-grained perceptual analysis, the design of the current study does not bear directly on this 720 

possibility. Further research is necessary in order to explicate the mechanisms behind the 721 

increased reliance on the lexicon observed in both children (Schwartz et al., 2013) and adults 722 

with weaker language ability. 723 

As alluded to earlier in the discussion, a problem facing individual differences research in 724 

cognitive science more broadly is a lack of knowledge about the degree to which the chosen 725 

tasks are stable measures within an individual. While assessments such as the PPVT (used by 726 

Colby et al., 2018; Williams & Wang, 1997) and the Trail Making Test (used by Scharenborg et 727 

al., 2015; Giovagnoli et al., 1996; Seo et al., 2006) are known to have sufficient test-retest 728 

reliability, relatively less is known about stability in performance on speech perception tasks, 729 

including the ones used here. That is, there is a dearth of evidence regarding whether 730 

performance in the Ganong and/or lexically guided perceptual learning tasks is stable over time – 731 

and stimuli – at the level of individual participants. For example, will a person who shows a 732 

large Ganong effect for a given stimulus set tested on a Monday also show a large Ganong effect 733 
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for a different stimulus set when tested on a Friday? As the field advances our efforts to 734 

understand individual differences in perceptual and cognitive tasks, additional research is needed 735 

in order to confirm that our tasks reflect valid (and thus stable) measures of individual 736 

differences. 737 

We acknowledge that this is no mean feat, especially when measuring stability of 738 

performance for tasks that assess learning. Recently, Saltzman and Myers (2018) examined 739 

whether the size of a perceptual boundary shift induced by lexically guided perceptual learning 740 

was consistent in individuals who completed the same lexically guided perceptual learning task 741 

twice (approximately one week apart). At each session, listeners completed both /s/-bias and /ʃ/-742 

bias exposure phases, and the boundary shift was measured as the difference in /ʃ/-responses 743 

between the two phases. They found no relationship in performance across the two sessions, 744 

suggesting low individual consistency for lexically guided perceptual learning. However, this 745 

study has been retracted (Saltzman & Myers, 2020) and thus it is not clear whether these results 746 

are stable. Moreover, assessing the test-retest reliability of this learning paradigm introduces 747 

substantial challenges related to disassociating effects of short-term learning from more long-748 

term learning introduced by multiple test sessions. For example, if learning in this paradigm 749 

persists over more long-term time periods (as suggested by Eisner & McQueen, 2006; cf. Liu & 750 

Jaeger, 2018, 2019), then the a priori expectation for individuals who learn would be no 751 

correlation between the boundary shift across test sessions because learning from the first session 752 

would inherently lead to no learning taking place in a second session. In addition, if an extrinsic 753 

factor (as opposed to a stable individual factor) were responsible for a lack of learning in the first 754 

session (e.g., completed after a lack of sleep), this may not necessarily lead to no learning 755 

occurring in the second session (e.g., completed after a good night’s rest). Thus, it is impossible 756 
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to completely rule out insufficient stability of this effect as a contributor to null results. 757 

Additional research regarding the stability of both of these effects within an individual is 758 

warranted not only to explicate the theoretical relationship between lexical recruitment and 759 

lexically guided perceptual learning, but also to support clinical use of these tasks.  Results from 760 

past research (Schwartz et al., 2013) and the current study have shown that a larger Ganong 761 

effect is associated with SLI and weaker receptive language ability, respectively. Previous 762 

research has demonstrated that a larger Ganong effect is also associated with weaker speech in 763 

noise perception (Lam et al., 2017). Given that weaker speech in noise perception has been 764 

shown to be predictive of language impairment (Ziegler et al., 2005, 2011) and that language 765 

impairment is associated with broad receptive language deficits, it is possible that once a better 766 

understanding of factors contributing to the individual differences and internal consistency of the 767 

Ganong effect is gained, this task could become a valuable, time-effective tool for use in clinical 768 

batteries for the assessment of language impairment.  769 

Conclusions 770 

The findings of Experiment 1 are consistent with a theory positing that individuals with 771 

weaker language ability demonstrate increased reliance on lexical information for speech 772 

perception compared to those with stronger receptive language ability. Increased reliance on 773 

lexical information among those with weaker receptive language ability was observed for online 774 

lexical recruitment, but no differences in lexically guided perceptual learning as a function of 775 

language ability were observed. Individuals with weaker receptive language ability therefore 776 

appear to maintain an intact lexically guided perceptual learning mechanism. Further research is 777 

needed in order to understand whether the relationship between lexical recruitment and language 778 

ability reflects compensation for earlier deficits in speech perception, and if so, where in the 779 
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speech processing stream these deficits occur. 780 

To the degree that the chosen measures accurately capture lexical recruitment and 781 

lexically guided perceptual learning at the level of individual participants, the findings of both 782 

experiments converge to suggest no graded relationship between these two constructs. This result 783 

can be accommodated by current theories of speech perception if they are modified to model this 784 

relationship as being governed threshold level of lexical recruitment that is necessary and 785 

sufficient to cue lexically guided perceptual learning.    786 
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Table 1. Results of the four mixed effects models for /k/ responses in the Ganong task for 

Experiment 1 that included fixed effects of VOT, continuum, and CELF subtest (each in a 

separate model). 

Model Fixed effect 𝜷 SE z p 

Formulated Sentences (FS) (Intercept) -1.164 0.138 -8.433 < 0.001 

 VOT 3.539 0.156 22.666 < 0.001 

 Continuum 1.078 0.196 5.508 < 0.001 

 FS -0.055 0.136 -0.402 0.688 

 VOT x Continuum 1.149 0.221 5.191 < 0.001 

 VOT x FS 0.333 0.150 2.220 0.026 

 Continuum x FS -0.021 0.189 -0.112 0.911 

 VOT x Continuum x FS 0.013 0.201 0.064 0.949 

Recalling Sentences (RS) (Intercept) -1.022 0.122 -8.385 < 0.001 

 VOT 3.605 0.164 22.006 < 0.001 

 Continuum 1.351 0.188 7.190 < 0.001 

 RS 0.032 0.120 0.266 0.790 

 VOT x Continuum 1.128 0.217 5.200 < 0.001 

 VOT x RS 0.428 0.159 2.690 0.007 

 Continuum x RS -0.422 0.182 -2.318 0.020 

 VOT x Continuum x RS -0.130 0.198 -0.659 0.510 

Understanding Spoken  (Intercept) -1.076 0.113 -9.503 < 0.001 

Paragraphs (USP) VOT 3.463 0.150 23.035 < 0.001 

 Continuum 1.266 0.169 7.487 < 0.001 

 USP -0.060 0.111 -0.541 0.589 

 VOT x Continuum 1.104 0.187 5.904 < 0.001 

 VOT x USP 0.204 0.142 1.434 0.151 

 Continuum x USP -0.434 0.163 -2.667 0.008 

 VOT x Continuum x USP -0.025 0.156 -0.162 0.871 

Semantic Relationships (SR) (Intercept) -1.043 0.111 -9.408 < 0.001 

 VOT 3.469 0.161 21.572 < 0.001 

 Continuum 1.158 0.175 6.627 < 0.001 

 SR -0.176 0.109 -1.618 0.106 

 VOT x Continuum 1.098 0.188 5.836 < 0.001 

 VOT x SR 0.183 0.155 1.182 0.237 

 Continuum x SR -0.459 0.169 -2.711 0.007 

 VOT x Continuum x SR 0.200 0.160 1.253 0.210 
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Table 2. Single-order correlations between task performance and CELF subtest standard scores 

in Experiment 1. As described in the main text, Ganong performance was quantified as the 

difference in proportion /k/ responses between the giss-kiss and gift-kift continua. Lexically 

guided perceptual learning performance was quantified as the difference in proportion /s/ 

responses between the first test (following /s/-bias exposure) and the second test (following /ʃ/-

bias exposure. 

Task CELF subtest r p 

Ganong Formulated Sentences -0.09 0.502 

 Recalling Sentences -0.37 0.004 

 Understanding Spoken Paragraphs -0.35 0.003 

 Semantic Relationships -0.27 0.031 

Lexically guided  Formulated Sentences -0.07 0.622 

perceptual learning Recalling Sentences 0.02 0.856 

 Understanding Spoken Paragraphs -0.07 0.546 

 Semantic Relationships 0.05 0.700 

  



 46 

Table 3. Results of the four mixed effects models for /s/ responses in the lexically guided 

perceptual learning task for Experiment 1 that included fixed effects of step, bias, and CELF 

subtest (each in a separate model). 

Model Fixed effect 𝜷 SE z p 

Formulated Sentences (FS) (Intercept) 3.011 0.380 7.915 < 0.001 
 Step 4.108 0.265 15.505 < 0.001 
 Bias 1.461 0.508 2.874 < 0.001 
 FS 0.158 0.345 0.458 0.647 
 Step x Bias 0.580 0.487 1.192 0.233 
 Step x FS 0.310 0.205 1.513 0.130 
 Bias x FS -0.259 0.385 -0.674 0.500 

 Step x Bias x FS -0.082 0.330 -0.248 0.804 
Recalling Sentences (RS) (Intercept) 2.860 0.348 8.223 < 0.001 
 Step 4.026 0.241 16.716 < 0.001 
 Bias 1.401 0.438 3.197 0.001 
 RS -0.067 0.314 -0.212 0.832 
 Step x Bias 0.420 0.441 0.950 0.342 
 Step x RS 0.318 0.194 1.636 0.102 
 Bias x RS -0.249 0.314 -0.793 0.428 

 Step x Bias x RS -0.269 0.313 -0.858 0.391 
Understanding Spoken  (Intercept) 2.880 0.322 8.947 < 0.001 
Paragraphs (USP) Step 3.981 0.227 17.568 < 0.001 
 Bias 1.484 0.406 3.652 < 0.001 
 USP 0.059 0.294 0.200 0.841 
 Step x Bias 0.440 0.393 1.120 0.263 
 Step x USP -0.014 0.184 -0.073 0.942 
 Bias x USP -0.500 0.302 -1.655 0.098 

 Step x Bias x USP -0.389 0.273 -1.424 0.154 
Semantic Relationships (SR) (Intercept) 2.894 0.342 8.451 < 0.001 
 Step 4.087 0.246 16.604 < 0.001 
 Bias 1.575 0.447 3.523 < 0.001 
 SR -0.084 0.310 -0.271 0.787 
 Step x Bias 0.580 0.432 1.343 0.179 
 Step x SR 0.012 0.196 0.062 0.951 
 Bias x SR -0.383 0.327 -1.171 0.241 

 Step x Bias x SR -0.609 0.291 -2.094 0.036 
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Figure captions 

 

Figure 1. Illustration of the process by which lexical information leads to lexically guided 

perceptual learning according to interactive and modular models of speech perception.  

 

Figure 2. Beeswarm plots showing individual variation of standard scores for the four CELF 

subtests administered in Experiment 1. Expressive language measures are shown in blue; 

receptive language measures are shown in gray. Points are jittered along the x-axis to promote 

visualization of overlapping scores. 

 

Figure 3. Mean proportion /k/ responses at each VOT for each continuum in the control and 

Ganong blocks for the preliminary experiment. Means reflect grand means calculated over by-

subject averages. As described in the main text, stimuli presented in the control block contained 

the initial CV portion of stimuli presented in the Ganong block. Error bars indicate standard error 

of the mean. 

 

Figure 4. Mean proportion /k/ responses at each VOT for each continuum in the Ganong task. 

Experiment 1 is shown in panel A; Experiment 2 is shown in panel B. Means reflect grand means 

calculated over by-subject averages. Error bars indicate standard error of the mean. 

 

Figure 5. Panel A displays the beta estimate for the subtest by continuum interaction in each of 

the mixed effects models shown in Table 1; error bars indicate the 95% confidence interval. The 

expressive language measures are shown in blue and the receptive language measures are shown 
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in gray. Panel B shows proportion /k/ responses at each VOT for each continuum according to a 

median split of participants by Understanding Spoken Paragraphs (USP) score; error bars 

indicate standard error of the mean. As described in the main text, subtest score was entered as a 

continuous variable in all models. The median split displayed here is to illustrate the nature of 

the subtest by continuum interaction for the receptive language measures. 

 

Figure 6. Mean proportion /s/ responses following each bias exposure block for each step of the 

test continuum in the perceptual learning task. Experiment 1 is shown in panel A; Experiment 2 

is shown in panel B. Facets separate performance into the first and second halves of each test 

block. Error bars indicate standard error of the mean. 

 

Figure 7. Panel A displays the beta estimate for the subtest by bias interaction in each of the 

mixed effects models shown in Table 3; error bars indicate the 95% confidence interval. The 

expressive language measures are shown in blue and the receptive language measures are shown 

in gray. Panel B shows proportion /s/ responses at each step for each bias condition according to 

a median split of participants by Understanding Spoken Paragraphs (USP) score; error bars 

indicate standard error of the mean. As described in the main text, subtest score was entered as a 

continuous variable in all models. The median split displayed here is to illustrate the nature of 

the subtest by continuum interaction for the receptive language measures. 

 

Figure 8. Scatterplot illustrating the null relationship between the magnitude of the lexically 

guided perceptual learning effect (LGPL) and the Ganong effect in Experiment 1 (panel A) and 
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Experiment 2 (panel B). As described in the main text, higher values indicate larger effects along 

both axes. 


