
Plasticity in Infants’ Non-Native Speech Discrimination
Abstract
Developmental plasticity is the ability of extant conditions and circumstances to increase variability in phenotypic expression throughout the lifespan. During human infancy, plasticity expands and contracts depending on domains of functioning, developmental history, and timing. In terms of language processing, young infants attend to and discriminate contrastive sounds within both native and non-native phonetic systems, but become selectively attuned to native sounds by the end of the first year. However, studies relevant to this decreasing sensitivity in phoneme perception have not always included factors that are emerging as powerful promoters of attention such as infant-directed speech (IDS), synchronous multimodal face+voice presentations, and female speakers. We investigated whether English-learning 11-month-olds would discriminate a non-native Hindi phoneme contrast with these factors in place. Results showed significant discrimination of the Hindi contrast, regardless of speech register, provided the sounds were presented by a dynamic female speaker. Interestingly, when a dynamic male IDS speaker was used, no significant discrimination was found. These results demonstrate plasticity in non-native speech perception contingent upon inducing and supporting selective attention. Multimodal information emanating from female speakers promoted perception of challenging non-native sounds, demonstrating the power of context for language learning in early development. 



Plasticity in Older Infants’ Perception of Non-Native Speech Sounds: 
[bookmark: _gjdgxs]The Role of Selective Attention in Context
[bookmark: _uddm3pqk5mic]Developmental plasticity accommodates the many possibilities available during ontogeny, allowing organisms to survive and thrive amidst myriad situations by adjusting individual phenotypes to the particular conditions at hand. Plasticity throughout the lifespan has undoubtedly allowed the emergence of uniquely complex human thought and behavior (Froemke & Jones, 2011; Wilder & Semendeferi, 2022). This high responsiveness to experiences during the development of key cognitive and social abilities ensures that adaptations are set in place early in life, while also leaving open potentiality for growth and change (Werker & Hensch, 2015). Developmental plasticity gives our youngest learners a distinct advantage at mastering key skills, like processing faces and understanding language, as their behavioral abilities and cortical representations are continuously modified by their sensory environments. Concurrent with enhanced openness to experience, infants also show diminished openness to perceptual patterns which have little to no relevance to their developmental milieu. Whereas a lack of responsiveness to features of the environment that do not carry meaning has been seen as evidence of limited plasticity, we argue that both openness and closedness are part and parcel of the typical course of early perceptual learning. Both are emblematic of development and developmental plasticity. Here, we investigated the impact of additional factors of infant-directed, dynamic and synchronous female faces and voices on discrimination of non-native speech contrasts by 11-month-olds.
[bookmark: _dt67dzptxpy]

Early Perceptual Learning
[bookmark: _h6ctyvjwilql]	Infants recognize patterns to which they have been exposed, and learn to direct attention and cognitive resources at features of their worlds that have meaning for them. Thus developing perceptual systems are sculpted by their use, within highly structured but complex environments. Early information processing becomes increasingly focused on what is available, meaningful, and relevant for development. This is referred to as  perceptual narrowing. Perceptual narrowing has been found across an array of domains, including face discrimination (Kelly et al., 2007; Pascalis et al., 2002), non-human face and sound matching (Lewkowicz & Ghazanfar, 2006), music (simple and complex rhythmic structures, Hannon & Trehub 2005), and non-native auditory (Werker & Tees, 1984) and multisensory audio-visual human speech (Pons et al., 2009). 
[bookmark: _sldadouqqbbf]Within the realm of speech perception, human infants become sensitive to features of their native language, including: the rhythmic properties of the language (Mehler et al., 1988, Moon et al., 1993); breaks in the speech stream which correspond to functional units like words and phrases (Jusczyk, 2002); the transitional probabilities of sound patterning (Maye et al., 2002; Saffran et al.,1996); and those distinct sounds which map differentially to meaning (Maurer & Werker, 2014). Many studies have shown that younger infants discriminate an impressive array of phonetic contrasts in visual and auditory domains (and in any of the world’s languages tested) with minimal to no linguistic experience (Kelly et al., 2007; Weikum et al. 2007; Werker, 2018). For example, although young English-learning infants can discriminate native and non-native contrastive speech sounds (e.g., in Salish, Thai, Hindi, Japanese), this flexibility with non-native speech is no longer readily observed by the end of the first postnatal year, whereas discrimination of native contrasts remains strong and may even improve (Maurer & Werker, 2014; Werker & Tees, 1984; Kuhl et al., 2003). Thus, infants undergo an adaptive and functional shift in their perception from universal- to language-specific sensitivities, constructing clustered phonetic categories as they learn their native language (Maye et al., 2008; Singh et al., 2022). Honing for native speech in late infancy seems advantageous by allowing infants to automatically respond to incoming speech, and not exert time/effort on irrelevant information (Kuhl, 2010; Kuhl et al., 1992; Werker & Tees, 2005). However, the potential to reopen perception to new sounds and, in effect, to educate attention elsewhere could also be adaptive for cognitive development, including supporting the ability to learn multiple languages. 
[bookmark: _ws5lovz3jwpk]Perceptual Narrowing: A More Complex, Context-Bound Narrative
[bookmark: _htnu5x7v10b]A relevant growing body of evidence shows greater flexibility of infant perception than previously assumed (Flom, 2014). Indeed, developmental plasticity can both remain and be restored beyond sensitive periods and throughout development (Taborsky, 2017). It can be observed in studies which have changed the contextual information available for perception in testing protocols. For example, Yeung and Werker (2009) found that when non-native consonant sounds were paired with unique objects in a word-learning style task, 10-month-olds did discriminate them. Petitto and colleagues (2012) discovered that 10- to 12-month-old bilingual-exposed infants could discriminate non-native speech contrasts as demonstrated with fNIRS brain imaging (Petitto et al., 2012). Singh and Tan (2021) found that monolingual and bilingual infants (14- to 19-months of age) discriminated non-native contrasts in a referential word-learning task. Other studies have illuminated continued perception of non-native language sounds throughout in the first postnatal year (Innis et al., 2001; Maurer & Werker, 2014; Weikum et al., 2012), as well as continued perceptual discrimination between different monkey’s faces (Pascalis et al. 2005; Scott & Monesson, 2009) by manipulating experiences such as maternal diet, prenatal drug exposure, and naming the individual monkey’s faces prior to discrimination.
[bookmark: _klxqggo3z3pr]The above findings show that plasticity remains possible, with language learners tapping specific resources which are meaningful and advantageous to them. This is also observed in cultures where older infants, children and adults learn to perceive and produce new languages fluently without difficulty (Birdsong, 2006; Moyer, 2004; Muñoz & Singleton, 2011). Learning new languages, of course, impacts functional and structural  neuroplasticity. More specifically it increases the gray matter density and white matter integrity of the brain (Li et al., 2014). Bilingual language experience produces perceptual and brain changes throughout the lifespan, in children, young adults, and the elderly. These changes occur rapidly with mere short-term language training and despite age of acquisition, proficiency, language-specific characteristics, and cognitive differences (Abrahamsson & Hyltenstam, 2008; Oh et al., 2010). It is important that we understand mechanisms by which experience shapes development and how this affects developmental plasticity (Flom, 2014). 
[bookmark: _cfi14d41ch6q]Recent studies investigating multiple populations, different types of sounds, and more diverse learners have revealed a much more complex and varied narrative of perceptual narrowing (Singh et al.,2022). Previous studies examining infants’ failures to discriminate non-native phoneme contrasts have mostly done so with minimally informative protocols (i.e., using male voices or computerized speech, not using infant-directed speech, not presenting synchronous and dynamic audio-visual speakers). Under such minimalistic conditions, infants discriminate native phoneme contrasts, but their failure to discriminate more difficult contrasts (e.g., non-native phonemes) could be the result of the increased cognitive load of a challenging task given limited processing support. It is important that we examine perceptual discrimination of both native and nonnative phoneme contrasts under contexts known to be maximally supportive of infant attention, especially given the evidence of impressive plasticity in learning second languages throughout life (Birdsong, 2006). Clearly attention is a powerful mechanism for perceptual learning. Could some of the examples of perceptual narrowing or the apparent  closing of a window of plasticity be alternatively viewed as the result of low selective attention due to perceptual learning?
[bookmark: _b5sg5q04a3m]Perceptual Features that Promote Selective Attention
[bookmark: _bqxbzloo68fg]Infant’s attention is guided and educated by communicative signals given in their social groups (D'Entremont, 2000; Senju & Csibra, 2008). These signals (e.g., pointing or head turning) are often preceded or accompanied by ostensive cues like eye contact, smiling faces, exaggerated motions, turn-taking and infant-directed speech. They let infants know specifically where and when to pay attention (Csibra & Gergely, 2009; Esseily & Fagard, 2013; Wu et al., 2014). If ostensive cues are relevant for learning in general, and learning language in particular, then these cues must be accounted for in studies of perception and phoneme discrimination. 
[bookmark: _lxbo3wy6tj74]Infant-Directed Speech. One powerful ostensive cue is the register adults use when they speak to infants: infant directed speech (IDS) (Frank et al., 2017). IDS includes exaggerated prosody (in both voice and head movements; Cristia, 2013; Kitamura et al., 2014), slower rate of speaking, shortened utterances, and simplified grammar (see review by Cox et al., 2023). IDS has been observed across languages and cultures and has been shown to increase infants’ attention throughout the first postnatal year and beyond (Fernald, 1985; Cooper & Aslin,1990; Cooper et al.,1997). IDS facilitates infants’ discrimination of vowels (Kuhl et al., 1997; Trainor & Desjardins, 2002), aids in phonetic category learning (Werker et al., 2007), word segmentation (Thiessen et al., 2005), and word recognition (Singh et al., 2009), and augments word learning in toddlers across languages (Graf Estes & Hurley, 2013; Han et al., 2022; Ma et al., 2022; Wang et al., 2022; Zhou et al., 2023). Importantly, infants are more likely to follow another person’s gaze when their face is paired with an IDS voice (Senju & Csibra, 2008). IDS significantly impacts language processing, including the ability to detect prosody in native speech (Roth et al., 2022). ​​IDS also seems to promote the creation of native-language sound categories. For instance, one study showed that 6- to 8- and 10- to 12-month-old Chinese infants with mothers who use more stretched vowel spaces in their IDS better discriminated the native /tc!hi/-/c!i/ contrast (Liu et al., 2003). It follows that IDS can guide infants to attend to the relevant cues that distinguish phonemes.
Multimodal Synchronous Faces and Voices. Visual cues enhance speech perception across the lifespan: in infants (Bergeson et al., 2010), children (Chen & Hazan, 2009), and adults (Cienkowski & Carney, 2002). Actions of the face can reinforce, intensify, weaken or even contradict linguistic messages, and are considered to be responsible for much of the signal that makes up speech. Adding a visual display to speech that has a poor signal to noise ratio, has background noise, or has other poor qualities, allows listeners to process it more thoroughly (MacLeod & Summerfield, 1987; Schwartz et al., 2004). A multimodal and synchronous face+voice is a powerful ostensive cue, being a regular feature of infants’ language-learning context. Adults exaggerate their facial expressions when addressing infants in the same way that they exaggerate their speech, and infants prefer face-like over non-face-like visual stimuli from birth. Intersensory matching of faces and voices predicts 1-year-olds’ language outcomes (including speech production and expressive vocabulary) at 18- and 24-months, above and beyond language input from parents and socioeconomic status (Bruce et al., 2022; Edgar et al., 2022). The presence of a synchronously moving face in a phoneme discrimination task could increase infant attention to and perception of the available information (Bahrick & Lickliter, 2000). 
Gender of Speaker Faces and Voices. Most infants spend their waking hours with female caregivers. This common context influences their attention and preferences in auditory, visual, and audio-visual domains. Newborns discriminate gender of speakers (Floccia et al., 2000) and show more affective responsiveness to female than male IDS, even though they attend more to IDS than ADS, irrespective of speaker gender (Werker & McLeod, 1989). A meta-analytic review concluded that face gender significantly predicted infants’ face discrimination in their first postnatal year, with infants showing poorer discrimination of male compared to female faces (Sugden & Marquis, 2017). In another study, older (9-month-old) but not younger (6-month-old) infants associated auditory and visual attributes only with female faces (de Boisferon et al., 2015). A third investigation showed that infants across ages (6-, 9-, and 12-months) looked longer at matching female faces with voices than at males (Richoz et al., 2017). Importantly, young infants prefer female faces when they are raised by female caregivers but prefer male faces when raised with male caregivers (Quinn et al., 2002). Quinn and colleagues (2008) also found that Caucasian 3-month-olds preferred Caucasian female over male faces, but not when the faces were Asian. Clearly, developmental context is an essential factor in shaping infants’ attention to and perception of faces (Kelly et al., 2005). Hence the presence of female faces and voices while testing infants’ perception of non-native speech contacts may be an ostensive cue garnering more selective attention due to their greater exposure to this predominant type of caregiver interaction.
Purpose of the Current Study
We investigated whether developmental plasticity remains intact at the end of the first postnatal year with regard to infants’ perception of non-native speech. Specifically, we examined English-learning 11-month-olds’ abilities to discriminate a Hindi phoneme contrast (the age when they purportedly can no longer do so; see Jansson-Verkasalo et al, 2010), within the context of ostensive cues which command and guide their selective attention (i.e., infant-directed speech, dynamic and synchronous auditory-visual speakers, and speaker gender). 
The first prediction was that 11-month-olds would discriminate a native contrast regardless of whether it was presented in an enriched (female IDS face + IDS voice) or impoverished (geometric form + AD voice) context due to its high familiarity. The second prediction was that 11-month-olds would discriminate a non-native contrast but only in the enriched context of female IDS face + IDS voice, given the power of facial and vocal IDS to affect infant attention and processing. The third prediction was that 11-month-olds would discriminate a non-native contrast in the enriched context when substituting a male for a female speaker, but that the degree of attention recovery would be less compared to the female condition.
Experiment 1: Augmenting the Context for Discrimination of Non-Native Contrasts
The purpose of Experiment 1 was to investigate 11-month-old English-learning infants’ discrimination of a non-native phoneme contrast (Hindi retroflex vs. dental) when presented via a dynamic female speaker in an infant-directed style. Given that infants at this age have shown strong preferences for dynamic face+voice presentations (Bastianello et al., 2022; Courage et al., 2006) and infant-directed speech (Frank et al., 2017), it was predicted that enhanced attention as a result of these factors would lead to successful discrimination of the non-native phoneme contrast in the ID Face+Voice condition.  
Method: Experiment 1
Fifty-one healthy, full-term 11-month-old infants were recruited for Experiment 1. The final sample comprised 39 infants (27 females), M age = 321 days (SD=12.11; range 299 to 340 days). Of the 12 infants who were not included in the final analysis, 2 infants successfully completed the English test session only, and 10 infants did not complete the task due to fussiness (2), equipment failure (1), or having look durations < 1.5 seconds during the habituation and/or the test sequence (insufficient time to process the vocal presentation). Prenatal and postnatal health and monolingual status (all infants were 100% exposed to English) were confirmed by parental report. The demographics of the final sample was as follows: 98% white/Caucasian, 2% African American; 96% from married homes. The average maternal age was M = 31 years, SD = 4.24; average combined formal education level of the parents was M = 4.7 years post high school, SD = 2.43.  
Apparatus. Infants were placed on a parent’s lap facing a black plywood (80 cm x 60 cm) stimulus display, with floor length fabric extending 24 inches from the left and right to create a 3-sided  enclosure. A 15 in computer monitor was positioned behind an opening in the plywood panel,  offset 7.6 cm to the right of midline and approximately 30 cm away from the infant. A small speaker (Jamo compact 60) was located below the television screen, also positioned behind an opening in the plywood panel. A video camcorder (Panasonic AG-180) was located behind the plywood panel, its lens positioned within a 3.5 cm radius hole, 2 cm to the left of midline. The camcorder recorded infant responses and provided a view of the infant to the observer. The observer watched the video signal of the infant on a 16.7 cm x 14 cm black-and-white television monitor (Magnavox RX4030-WA02). The observer controlled presentation of the AV stimuli and recorded looking times on a Power Macintosh computer. The computer ran an infant-controlled habituation-dishabituation procedure (Macromedia Director program). This program coordinated the presentation of the stimulus events and recorded trial length. The audio output of the computer was sent through an amplifier (Harman Kardon PM635) and presented through the panel speaker at 65dB (B scale; measured at the head of the infant) as determined by a sound level monitor (Radio Shack, catalog #33-2050).
Discrimination Task. An infant-controlled audio-visual (AV) task for assessing auditory discrimination was employed.  Habituation to the AV presentation was defined as a decrease in mean fixation duration over two successive trials ≦ 50% of the mean of the first two trials. After meeting this criterion, the AV presentation was changed to the novel phoneme for two additional trials. The habituation criterion was calculated and updated on a trial-by-trial basis by a computer algorithm. Infants were randomly assigned to order of presentation (English first, Hindi first) and condition (ID Face + Voice; AD Face + Voice; Form + ID Voice; Form + AD Voice). Each infant remained in one assigned condition across both language assessments.	
AV Native and Non-Native Phonemes for Discrimination. The phonemes for Experiment 1 consisted of one English and one Hindi contrast (i.e., those used in Werker & Tees, 1984). Specifically, the control contrast was the English bilabial /ba/ versus alveolar /d̺a/ and the Hindi contrast was the retroflex /da/ versus dental /da/. Recorded phonemes were obtained by making multiple audio-visual recordings of a native American-English speaking woman and a native Hindi speaking woman, both enunciating their respective phonemes in an adult-directed (ADS) and an infant-directed (IDS) style. Four productions of each phoneme type were selected based on appropriateness as best exemplars of their targets (IDS and ADS) and their vocal quality (judged by independent English and Hindi native-speaking coders; resulting in 32 total tokens). Independent sample t-tests revealed no significant differences in the average pitch, average maximum-minimum pitch difference, and average duration of the ADS English phonemes, ADS Hindi phonemes, IDS English phonemes or IDS Hindi phonemes (all p’s > .05; see Supplemental Materials). In contrast, independent samples t-tests collapsed across the IDS v. ADD phonemes revealed that IDS tokens were significantly higher in pitch (t (30) = 9.13, p = .001), pitch variability max-min difference (t (30)  = 7.48, p = .001), and duration (t (30) = 9.09 , p = .001) compared to ADS tokens, in keeping with defined differences between IDS and ADS speech (e.g., Frank et al., 2017).  
The Face + Voice phoneme clips were created by stringing four productions together into one short movie (using Adobe Premiere 5.0). The form + voice clips were created by replacing the face track with a static photo of colorful concentric circles (but keeping the same voice track). See Supplemental Materials for still-frame presentations of these various conditions.
Procedure. After obtaining informed consent and when the infant was alert and calm, he/she was brought into the testing room, seated on the parent’s lap in front of the 3-sided enclosure, and lights were dimmed. Both the parent and the observer were deafened by wearing headphones playing continuous vocal music. Infant fixations were viewed via a video camcorder for real-time coding by the observer. The observer began each session by activating a blinking red dot on a white background on the infant monitor. When the infant was judged to be looking at the screen, the observer activated the audio-visual (AV) display. The AV display of the first phoneme remained present until the observer judged that the infant had looked away for more than 1 s. Upon disengagement, the trial was terminated (i.e., the presence of the AV display ceased). The red dot began flashing again, and the sequence was repeated. 
Results and Discussion: Experiment 1
 Interobserver reliability was assessed offline by one trained coder reviewing 25% of the videotapes from the sessions. Pearson’s bivariate correlation coefficient was .92 across the observed look durations by the coders (offline and online). Next, the average look durations on the first two trials of the habituation sequence were compared to the last two trials before the test sequence began.  As expected, these means were significantly different for both language conditions (for English, M first two looks = 15.66 s, SD = 7.58 and M last two looks = 7.29 s, SD = 3.12; t(38) = 8.82, p = .001; for Hindi, M first two looks = 16.90 s, SD = 15.26 and M last two looks = 6.90 s, SD = 4.28; t(38) = 4.46, p = .001). 
To test for discrimination of the native English phoneme contrast, fixation duration on the last trial of the habituation sequence was compared with the average fixation duration across the two change trials (i.e., when the novel phoneme was presented). A mixed 2x2x2 ANOVA was conducted with Trial (2: pretest, test) as the within-subjects factor and Speech Type (2: IDS, ADS) and Visual Type (2: Face, Geometric Form) as the between-subject factors. The results indicated a significant main effect of Trial (F (1,35) = 4.77, p = .04, ηp2 = .12) and a significant main effect of Visual Type (F (1,35) = 6.53, p = .02, ηp2 = .16). There were no other significant main effects or interactions (see Figure 1).
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Figure 1. Average look durations (seconds) on the pretest trial and test trials (with standard errors) for the four conditions: ID Face + Voice, AD Face + Voice, ID Form + Voice and AD Form +Voice for the Native Phoneme discrimination task.  There was a significant main effect for Trial, with average look durations during Test significantly greater than during Pretest (p=.04).
.
Analyses of these significant main effects revealed that average attention on the test trials (M test = 7.17 s, SD = 4.38) was significantly higher than on the pretest trials (M pretest = 5.58 s, SD = 2.84; t(38) = -2.33, p = .03, d=-.37). Collapsed across trial type, average attention in the Face conditions (M face = 7.54 s, SD = 3.43) was significantly greater than that in the Form conditions (M form = 5.15 s, SD = 1.90; t(37) = 2.67, p = .01, d=.86).
	To test for discrimination of the non-native Hindi phoneme contrast, fixation duration on the last trial of the habituation sequence was compared with the average fixation duration across the two change trials (i.e., when the novel phoneme was presented). A mixed 2x2x2 ANOVA was conducted with Trial (2: pretest, test) as the within-subjects factor and Speech Type (2: IDS, ADS) and Visual Type (2: Face, Geometric Form) as the between-subject factors. As with the native contrast, the results indicated a significant main effect of Trial (F(1, 35) = 6.62, p = .01, ηp2 = .16).  Additionally, there was a marginally significant interaction between Trial and Visual Type (F(1,35) = 3.40, p = .07, ηp2 = .09). However, the main effect for Visual Type was not significant (p = .21; see Figure 2).
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Figure 2. Average look durations (seconds) on the pretest trial and test trials (with standard errors) for the four conditions: ID Face + Voice, AD Face + Voice, ID Form + Voice and AD Form + Voice for the Non-Native Phoneme discrimination task.  Only infants in the Face+Voice condition showed significantly greater average attention on the Test Trials (p=.01).

Analyses of this significant main effect and marginally significant interaction revealed that average attention on test trials (M Test = 8.56 s, SD = 7.1) was significantly higher than that on pretest trial (M Pretest = 5.80 s, SD = 3.90; t(38) = -2.64, p = .012, d=-.42). In terms of the Trial x Visual Type interaction, average attention on test trials was significantly greater than pretest for the Face conditions (M PretestFace = 5.85 s, SD = 3.81 v. M TestFace = 10.50 s, SD = 8.36; t(19) = -2.70, p = .01, d=-.60). In contrast, there was no significant difference in attention during the Geometric Form conditions (M PretestForm = 5.76 s, SD = 4.09 v. M TestForm = 6.52 s, SD = 4.93; t(18) = -.76, p = .46, d=-.17).
The results of Experiment 1 were consistent with predictions for the native phoneme contrast in that there was a significant increase in attention to the novel phoneme across all conditions.  However the results for the non-native phoneme contrast was unexpected in that only the interaction between Visual Type and Trial approached significance. That is, infants showed a marginally significant increase in attention to the novel phoneme provided that they were viewing a dynamic, speaking female, independent of whether she was using an IDS or ADS register. There was no significant increase in attention on test trials when the geometric form replaced the dynamic speaking face. One possible explanation for the lack of effect of IDS speaking style on infants’ discrimination pertains to the short duration of the auditory events (phonemes that were all < 1.25 s in duration). The ability of such a short utterance to convey the typical exaggerations of IDS is limited (more on this in the General Discussion below). In contrast, infants’ growing selective attention to dynamic, multimodal faces (Bahrick et al., 2018;  Edgar et al., 2022; Reynolds & Roth, 2018) explains not only the overall increased attention to faces for the native condition, but also the trend in increased attention with the change to the novel Hindi contrast on face trials. However, given the marginal significance in this latter finding, the next study sought to replicate this discrimination more robustly with a new female Hindi IDS speaker, and then compare this performance when viewing a male Hindi IDS speaker.
Experiment 2a and b: Infants’ Discrimination of Non-Native Phonemes as a function of Speaker Gender
The results of Experiment 1 provided preliminary evidence that 11-month-olds were capable of discriminating a non-native phoneme contrast when it was presented via a dynamic female speaker regardless of whether the style was infant- or adult-directed. The purpose of Experiment 2a and 2b was to systematically replicate this finding with a second female Hindi speaker as well as a male speaker, both using an IDS register.
Method: Experiment 2a and 2b
	The same apparatus, recording procedure, and discrimination protocol in Experiment 1 were also used in Experiment 2a and b, with the exception that the infants in this experiment were only habituated to and tested with the non-native Hindi dental and retroflex phonemes. In Experiment 2a, we recorded a native female Hindi speaker and in Experiment 2b, a native male Hindi speaker (see Supplemental Materials). Five different adult native Hindi speakers rated the female and male speakers’ tokens for their appropriateness as exemplars of both contrasts.  The four top-rated phonemes (2 retroflex; 2 dental) were used in infant testing. Independent sample t-tests revealed no significant differences in the mean pitch, max-min pitch difference, and duration of retroflex and dental contrasts for either speaker (p’s > .05; see Supplemental Materials).
Experiment 2a:  Twenty-six healthy, full-term 11-month-olds were recruited for Experiment 2a.  The final sample was composed of 22 infants (14 males) with M age = 337 days (SD = 6.18; range from 328 to 352 days).  Four infants were not included in the final analysis either due to fussiness (2), equipment failure (1), or to look durations < 1.5 seconds during the habituation sequence and/or the test sequence (1). Prenatal and postnatal health and monolingual status (all infants were 100% exposed to English) were confirmed by parental report. The demographics of the final sample was as follows: 100% white/Caucasian, 95% from married homes. The average age of the infants’ mothers was M = 30.73 years, SD = 3.13; the average combined formal education level of the parents was M = 4.81 years post high school, SD = 1.92. 
[image: ]Results and Discussion: Experiment 2a.  Interobserver reliability was assessed offline by one trained coder reviewing 25% of the videotapes from the sessions. Pearson’s bivariate correlation coefficient was .97 across the observed look durations by the coders (offline and online). The average look durations on the first two trials of the habituation sequence were significantly longer than that of the last two trials (M first two looks = 28.82 s, SD = 17.33 and M last two looks = 9.16 s, SD = 5.32; t(21) = 7.08, p = .001). In terms of evidence for discrimination, the average look duration on the test trials was significantly greater than that on the last pretest trial (M Pretest = 8.76 s, SD = 6.22 v. M Test = 12.55 s, SD = 9.82, t(21) = -2.11, p = .047, d=-45; see Figure 4a). Thus, this result replicates the IDS Face + Voice condition in Experiment 1, but 
Figure 4a and b .  Average look durations (in seconds) on pretest trial and test trials (with standard errors) for the Female ID Face+Voice (n=22) and Male ID Face+Voice (n=24).
with a novel female Hindi speaker and a more robust statistical difference between pretest and 
test. Again, the availability of a dynamic speaker facilitates 11-month-olds’ discrimination of non-native phonemes, but to this point, we have only tested this with female speakers. In the next experiment, we investigated whether a similar result would be obtained with a dynamic male speaker.
Experiment 2b. Thirty-two healthy, full-term 11-month-olds were recruited for Experiment 2b.   The final sample was composed of 24 infants (15 males) with M age = 345.92 days (SD =9.67; range from 330 to 365 days). Eight infants were not included in the final analysis either due to fussiness (3), equipment failure (2), or to look durations < 1.5 seconds during the habituation sequence and/or the test sequence (3). Prenatal and postnatal health and monolingual status (English) were confirmed via parental report. The demographics of the final sample were as follows: 100% white/Caucasian, 92% from married homes. Mothers’ average age was M = 31.22, SD = 3.79. The average combined formal education level of the parents was M = 4.04 years post high school, SD = 1.89.  
Results and Discussion: Experiment 2b. Interobserver reliability was assessed offline by one trained coder reviewing 25% of the videotapes from the sessions. Pearson’s bivariate correlation coefficient was .99 across the observed look durations by the coders (offline and online). The average look durations on the first two trials during habituation were significantly longer on the first two than last two trials (M first two looks = 30.98 s, SD = 15.26 and M last two looks = 9.96 s, SD = 3.47; t(19) = 6.66, p = .001). In contrast to Experiment 2a, the average look duration on the test trials was not significantly greater than that on the last pretest trial (M Pretest = 8.41 s, SD = 3.16 v. M Test = 9.79 s, SD = 3.99, t(19) = -1.42, p = .17, d=-.31; see Figure 4b).
	The 11-month-olds in this experiment did not show a significant increase in attention to the novel Hindi phoneme. The phonemes were presented by a dynamic native male speaker of Hindi. Notably, the male speaker was the father of a 6-mo-old who had experience using the IDS register. Rather, this finding is consistent with studies showing that infants tend to pay less attention to male than female voices, faces, and dynamic voices plus faces (Richoz et al., 2017; Sugden & Marquis, 2017).
General Discussion
The purpose of the present study was to investigate plasticity in 11-month-olds’ discrimination of non-native phoneme contrasts. Specifically, infants were tested with the presence of ostensive cues that enhance selective attention (e.g., dynamic and synchronous faces and voices of both genders, IDS) during a phoneme discrimination task. The first prediction was that 11-month-olds would discriminate an English speech contrast regardless of whether it was presented in an enriched (i.e., a dynamic female IDS face+voice) or impoverished (a geometric form+ADS voice) context due to the high familiarity of the native phonemes and the low cognitive load of discriminating them. Our data supported this prediction. This is not surprising given other results that have found that as infants gain experience within a language system, their processing of native sounds gets more robust (Werker & Gervain, 2013). Discriminating a native phoneme was not a difficult task for these 11-month-old infants. Nonetheless, infants in the native condition did show significantly greater attention to faces compared to the geometric form (large effect size d=.86), which is relevant for the discussion of the next set of results.
Our second prediction was that 11-month-olds would discriminate a non-native (Hindi) contrast but only in the enriched context of a dynamic female IDS face + voice, given the power of facial and vocal IDS to affect infant attention and processing. Our data from Experiment 1 only partially supported this prediction, in that infants discriminated the non-native phoneme contrast when they were presented with a dynamic female speaker, but the register of her speech did not matter. This finding is complemented by obtained effect sizes which were medium to large for both trial (test trial > pretest trial) and visual type (face > geometric). Experiment 2a replicated this finding using a second dynamic female IDS Face + Voice and the same Hindi contrasts, also showing a medium effect size. Thus, 11-month-old English-learning infants were able to discriminate a non-native phoneme contrast provided that they saw and heard a female speaker producing the sounds.  No significant discrimination was seen when the face was absent.
These results are inconsistent with those from a similar study which investigated 11-month-olds’ intersensory matching of an non-native auditory phoneme with one of two visual (but silent) articulations that matched the phoneme (Pons et al., 2009). These authors found that when Spanish-learning 11-mo-olds were familiarized with the English /ba/ and then saw two silent productions of /ba/ v. /va/ (female speaker), they did not attend longer to the match, even though younger Spanish-learning infants did so. Since the phonemes /b/ and /v/ are not contrastive in Spanish, this lack of matching supports perceptual narrowing in a multisensory context. Of note, the female speakers in the Pons et al. (2009) experiment did not produce the audiovisual phonemes in an IDS register. While this may have been a factor in the lack of intersensory matching, we did not find that the IDS register was necessary for infants in the current study to discriminate non-native phonemes. Despite this finding, it is notable in the present investigation that when infants were presented with female IDS face+voice in the native phoneme condition (see Figure 1) their attention during testing was highest across all four conditions (albeit not significantly so). The standard deviation was also the greatest, suggesting that some infants may have benefitted from the IDS register boost, whereas others did not. This is consonant with findings from Altvater-Mackensen and Grossmann (2014) who found that 6-month-olds were better at matching audiovisual native vowels if their mothers engaged in more vocal play and positive interactive styles, but not simply as a result of mothers’ exaggerated acoustics (e.g., pitch raising and pitch contours). Regardless, the failure of Pons et al. (2009) to find differential looking to the matched audiovisual phonemes does not necessarily mean that infants could not discriminate them. Future studies should compare differences in performance across matching and discrimination tasks.
The third prediction of the current study was that 11-month-olds would discriminate a non-native phoneme contrast in the enriched context when substituting a male for a female speaker. However, it was expected that the degree of recovery of attention would be less in this condition. This prediction was not supported; infants did not show evidence of discriminating the Hindi contrast when presented with a dynamic IDS male face+voice. Several older studies have also found no preference for the paternal voice (whether presented in ADS or IDS registers) or the paternal face+voice in the first postnatal year (DeCasper & Prescott, 1984; Ward & Cooper, 1999; Ward, 1998). Does this mean that male face+voice does not serve an ostensive function in infancy? That is doubtful, given research showing that infants primarily raised by males have demonstrated clear preferences for male over female faces (e.g., Quinn et al., 2002). Gredebäck et al. (2012) used eye-tracking to examine infants’ face processing, finding that infants who received similar levels of care from both mother and father showed more broadly distributed gaze patterns than infants primarily cared for by mother. Interestingly, Ward and Cooper (1998) found that even though infants showed no preference for IDS paternal face+voice, they did show more positive affect in their facial expressions to their fathers. It is possible that infants are sensitive to information coming from non-primary caregiver males, but not as deeply guided by it in terms of selective attention.
Limitations of the current study and future directions
One limitation of the current study was that the ability of the IDS versus ADS voice to influence discrimination may have been constrained by our use of very short phonemes (all < 1.5 s). Although the phonemes were repeated during presentation, the full richness of IDS (e.g., amplified pitch, broader pitch modulation, vowel elongation) was most likely not captured in these short productions. However, Altvater-Mackensen and Grossmann (2014) found that mothers’ exaggerated pitch (typical of IDS during mother-child interactions) did not predict their infants’ processing of audiovisual native vowel sounds. It is possible that by 11-months of age, IDS information in caregiver voices is not as strong an ostensive cue as that in their faces. This should be examined empirically. In addition, next studies on multisensory discrimination of non-native phonemes could incorporate procedures that allow for longer and more contextualized vocal productions in order to see if this promotes discrimination. This seems important given the results of Kuhl et al. (2003) who found that when English learning 9- to 10-month-olds infants heard Mandarin speech during a dynamic and interpersonal interaction, they were later able to discriminate fricative Mandarin contrasts. 
A second limitation of the current study is that maternal behavior was not examined for important interactive features which may actually hone infants’ perception to native sounds. Recently, Bruce et al. (2022) found that maternal sensitivity (and in particular, maternal attention facilitation) predicted 24-month-olds’ multisensory integration of female faces+voices. Clearly caregivers can make cognitive challenges easier and more seamless by guiding their infants’ attention (see Elsabbaugh et al., 2013 and Altvater-Mackensen & Grossmann, 2014 for relevant findings). Incorporating measures of parental directing of infants’ attention may shed light on individual differences in the interplay between perceptual narrowing and caregiver experiences.
Summary and Conclusion
Plasticity is the hallmark of developmental systems, leaving the door open for lifelong responses to the experiences available, in order to guide future action (Hensch, 2005; Werker & Hensch, 2015). As organisms engage with their worlds, they must at once be efficient and stay open to novel information which may be relevant. Our findings are consistent with the notion that across the first postnatal year, infants’ processing of native speech information is not so much narrowed, as infant attention to native speech is honed. Perceptual development (potentially manifest in both openness to certain types of input and closedness to others) remains fluid throughout the first postnatal year, and perhaps beyond that time. In other words, living things in developmental systems are perpetually opening and closing; narrowing and learning new things side by side. 
This study provided evidence for the ability of meaningful contexts to guide infant attention to and discrimination of non-native phonemes. Our data add to a growing body of evidence that perceptual narrowing is context-bound and does not indicate absolute limitations in the plasticity and potentiality of the developmental system (see Lewkowicz & Ghanzafar, 2009 and Maurer & Werker, 2014 for similar arguments). Importantly, infants’ failure to discriminate perceptual contrasts should be cautiously interpreted: the lack of performance is qualified by the conditions at hand. It is exciting to devise future work to more carefully expand these conditions, and to understand the plasticity of infant speech perception, as perceptual narrowing appears to be neither ubiquitous nor fixed.
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