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 Our everyday world consists of people and objects that are usually specified by 

dynamic and concurrent auditory and visual attributes, which is known to increase 

perceptual salience and, therefore, facilitate learning and discrimination in infancy. 

Interestingly, early experience with faces and vocalizations has two seemingly opposite 

effects during the first year of life, 1) it enables infants to gradually acquire perceptual 

expertise for the faces and vocalizations of their own race and, 2) it narrows their ability 

to discriminate the faces of other-race faces (Kelly et al., 2007). It is not known whether 

multisensory redundancy might help older infants overcome the other-race effect reported 

in previous studies. The current project investigated infant discrimination of dynamic and 

vocalizing other-race faces in younger and older infants using habituation and eye-

tracking methodologies. Experiment 1 examined 4-6 and 10-12-month-old infants’ ability 

to discriminate either a native or non-native face articulating the syllable /a/. Results 

showed that both the 4-6- and the 10-12-month-olds successfully discriminated the faces, 
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regardless of whether they were same- or other-race faces. Experiment 2 investigated the 

contribution of auditory speech cues by repeating Experiment 1 but in silence. Results 

showed that only the 10-12-month-olds tested with native-race faces successfully 

discriminated them. Experiment 3 investigated whether it was speech per se or sound in 

general that facilitated discrimination of the other-race faces in Experiment 1 by 

presenting a synchronous, computer-generated “boing” sound instead of audible speech 

cues. Results indicated that the 4-6-month olds discriminated both types of faces but that 

10-12-month-olds only discriminated own-race faces. These results indicate that auditory 

cues, along with dynamic visual cues, can help infants overcome the effects of previously 

reported narrowing and facilitate discrimination of other-race static, silent faces. 

Critically, our results show that older infants can overcome the other race-effect when 

dynamic faces are accompanied by speech but not when they are accompanied by non-

speech cues. Overall, a generalized auditory facilitation effect was found as a result of 

multisensory speech. Moreover, our findings suggest that infants’ ability to process other-

race faces following perceptual narrowing is more plastic than previously thought.  
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INTRODUCTION

Our world is multisensory. From birth we are exposed to a gamut of perceptual 

stimulation through all five sensory channels.  Adults can seamlessly integrate these co-

occurring sensory signals in order to form coherent percepts, allowing them to define any 

given object through multiple senses. Developing infants, however, must learn to 

integrate these incoming sensory signals and, over time, slowly begin to extract the 

multisensory coherence of the environment around them. The earliest, most important, 

and most perceptually salient multisensory objects in an infant’s world are talking faces. 

These smiling, talking, and highly interactive objects offer a rich source of multisensory 

information and provide infants with cues regarding their gender, race, identity, emotion, 

and language group (Gepner, Deruelle, & Grynfeltt, 2001; Lee, Anzures, Quinn, Pascalis, 

& Slater, 2012). With a lifetime of experience and interaction, it is no surprise that we are 

face experts by the time we reach adulthood, exhibiting the ability to rapidly recognize 

and discriminate faces with ease (Bahrick, Bahrick, & Wittlinger, 1975; Gauthier & 

Nelson, 2001; Jacques & Rossion, 2006; Lewis & Edmonds, 2003Nelson, 2001, Simion, 

Leo, Turati, Valenza, & Barba, 2007; von Kriegstein & Giraud, 2006). Therefore, an 

important developmental question is: how is this level of expertise obtained and what is 

the effect of multisensory information on this expertise? Research has indicated that both 

progressive (Nelson, 2001; Simion, Leo, Turati, Valenza, & Barba, 2007; Maurer, 

Mondloch, & Lewis, 2007a) and regressive (Kelly, Quinn, Slater, Lee, Ge, & Pascalis, 
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2007; Lewkowicz & Ghazanfar, 2006; Pascalis, Haan, & Nelson, 2002) processes 

influence infants’ response to the unisensory and multisensory attributes of talking faces.  

In order to better understand the process by which infants become face and voice 

experts, we must first examine multisensory redundancy and face perception in adults. 

With a better understanding of the typical expertise adults’ possess regarding 

multisensory face perception, we can better understand its formation throughout the 

developmental process. 

Multisensory Redundancy in Adults 

 As adults interact with their surroundings, their senses extract information across 

multiple sensory domains. Information originating from a single object is often redundant 

due to numerous sensory channels simultaneously conveying information related to it. 

Since objects in our environment convey information across multiple sensory channels 

simultaneously, adults can perceive these multiple sensory inputs across two or more 

senses as a result of a lifetime of integration. For example, talking faces can be seen and 

heard and, thus, convey highly redundant, time-locked auditory and visual streams of 

information (Chandrasekaran, Trubanova, Stillittano, Caplier, & Ghazanfar, 2009; Yehia, 

Rubin, Vatikiotis-Bateson, 1998). This redundant quality of multisensory information is 

perceptually more salient than uniseneory information. Due to a vast amount of 

perceptual experience with multisensory redundancy, the mature brain is quite sensitive 

to multisensory information and treats it as a perceptual event that is greater than the sum 

of its individual parts. For example, when compared to unisensory input, multisensory 

stimulation has been shown to produce neuronal superadditivity, or a synergistic neuronal 

response that is greater than the response to the individual parts added together. This 
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greater sensitivity to multisensory information in the adult brain is exhibited at multiple 

levels of analysis, including single localized neurons (Wallace & Stein, 1997; Wallace et 

al., 1996) as well as brain networks composed of poly-sensory areas (Alpert, Hein, Tsai, 

Naumer, & Knight, 2008; Beauchamp, Lee, Argall, & Martin, 2004; Calvert, Hansen, 

Iversen, & Brammer, 2001). This specialized processing of multisensory information is 

known to develop in humans as well as other species as a result of perceptual experience 

(Schroeder, Lakatos, Kajikawa, Partan, & Puce, 2008; van Wassenhove, Grant, & 

Poeppel, 2005; Wallace & Stein, 1997), and therefore, must have its roots in infancy.  

Multisensory redundancy is unique, not only in how it is processed by the brain, 

but also in its perceptual benefits on a variety of tasks. The perceptual benefits of 

multisensory redundancy have been widely studied in both adult humans and non-human 

species, providing evidence that this information facilitates detection, recognition, and 

associative learning (Rowe, 1999). The advantage of multisensory redundancy is that it 

provides parallel streams of sensory information, which increase the perceptual salience 

of an object’s attributes. For example, visual learning – a unimodal process believed to be 

mediated by early visual brain areas – is facilitated by the addition of non-arbitrary 

auditory stimuli (Seitz, Kim, & Shams, 2006). Furthermore, adults show improved 

learning and discrimination of arbitrary shapes and sounds when trained with 

multisensory stimuli (Seitz, Kim, van Wassenhove, & Shams, 2007) and can generalize 

multisensory training to unisensory contexts (Shams & Seitz, 2008). The results from 

Seitz et al. (2006; 2007) demonstrate the perceptual benefits of multisensory redundancy 

when learning and discriminating objects due to objects’ multisensory redundancy 

qualities. Lastly, multisensory redundancy interacts with adults’ object recall and object 
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memory abilities (Lehmann & Murray, 2005; Murray, Foxe, & Wylie, 2005), 

demonstrating that a general multisensory context facilitates recall and memory. An 

intriguing aspect of these multisensory learning and memory studies is that multisensory 

brain networks - which include the lateral-occipital cortex, anterior cingulate, and 

sections of the frontal cortex - respond to learned multisensory objects even when 

presented unimodally (Murray et al., 2004; Murray et al., 2005). Specifically, this 

indicates that the very act of learning an object’s multisensory properties will elicit 

multisensory brain activity under any context, unisensory or otherwise. These results 

signify that multisensory properties are a part of a given object’s brain activation pattern 

and that learned multisensory objects are processed differently and use distinct cortical 

networks compared to unisensory objects. These differing patterns of brain activation, as 

well as the perceptual benefits of multisensory information, are the result of a lifetime of 

experience with multisensory objects. 

Faces as Unique Multisensory Objects 

 Perhaps the most widely studied multisensory objects in our world are talking 

faces, which usually provide highly redundant, time-locked auditory and visual streams 

of information (Chandrasekaran, Trubanova, Stillittano, Caplier, & Ghazanfar, 2009; 

Yehia, Rubin, Vatikiotis-Bateson, 1998). Adults are experts at detecting (Lewis & 

Edmonds, 2003; Purcell & Stewart, 1988), remembering (Bahrick, Bahrick, & Wittlinger, 

1975), recognizing (Bruce & Young, 1986; Gauthier & Nelson, 2001) and discriminating 

(Jacques & Rossion, 2006) faces, even when they are only specified visually. Indeed, it 

has been argued that face expertise is a special kind of expertise, one that is distinct from 

expertise with any other object, e.g., cars or birds (Bukach, Gauthier, & Tarr, 2006). Just 
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like non-face multisensory objects, multisensory faces elicit unique neural activation 

patterns and perceptual benefits compared to unimodal faces (Calvert, Brammer, & 

Iverson, 1999; Kamachi et al., 2003; Schweinberger et al., 2007; Von Kreigstein & 

Girgaud, 2006; Von Kreigstein et al., 2008; Von Kriegstein et al., 2005). Specifically, 

work by Von Kreigstein and Girgaud (2006) has indicated that faces are processed by a 

unique multisensory face/voice network that is located between the Superior Temporal 

Sulcus (STS), Fusiform Face Area (FFA), and the Temporal Voice Area (TVA). This 

multisensory face network is composed of different brain regions than the multisensory 

object network discussed in Murray et al. (2004; 2005). Nonetheless, this network also 

becomes activated when participants are presented with faces and voices together. Like 

the multisensory object network, the face/voice network becomes activated even when 

faces are presented unimodally, showing that the learned multisensory qualities inherent 

in talking faces elicit a multisensory neural response under any context. These findings 

demonstrate that faces and voices are unique from other multisensory objects in that they 

are processed by a specialized multisensory network and that this network exhibits 

similar, but unique, patterns of neural activation compared to networks underlying the 

processing of other multisensory objects.  

Despite the fact that dedicated neural networks mediate face processing, 

multisensory redundancy effects accrue over a wide range of learning, memory, and 

recognition tasks (Calvert, Brammer, & Iverson, 1999; Kamachi et al., 2003; 

Schweinberger et al., 2007; Von Kreigstein & Girgaud, 2006; Von Kreigstein et al., 

2008; Von Kriegstein et al., 2005). For example, Schweinberger et al. (2007) presented 

adults with an audio-only voice stimuli, static face and voice stimuli, or dynamic faces 
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and voices, and found that speaker recognition was significantly enhanced when 

participants viewed and heard dynamic faces and voices together. Schweinberger et al. 

(2007) concluded that participants spontaneously constructed a unique audiovisual 

identity for each face/voice pair as an aid to recognition and memory. These results 

demonstrate that adults readily use face and voice combinations to facilitate their learning 

and memory of faces and that these tasks are generally easier when the information is 

multisensory. Such results have been replicated with point-light displays of faces, 

indicating that even in the absence of life-like featural information, the presence of 

biological articulatory movements combined with speech information significantly 

facilitates identification of speaker identity (Rosenblum et al., 2002). One interesting 

aspect of the multisensory benefits of faces and voices is that this information also 

facilitates the perception of voices, not just faces. Specifically, two previous studies 

(Summerfield, 1979; Brancazio & Miller, 2005) have demonstrated that relevant visual 

information can actively improve auditory recognition in noisy environments. Taken 

together, the results outlined above indicate that adults are face/voice experts and that 

they gain a number of neural and perceptual benefits when viewing and hearing faces and 

voices together.  

It is important to point out one issue concerning adults’ multisensory face-

processing ability that remains unclear. The issue is the role of motion cues and how it 

influences adults’ face processing. Face motion is important to consider because 

whenever faces articulate speech they also provide motion cues that may facilitate face 

recognition and memory. Face motion by itself does not provide corresponding 

multisensory cues and has been shown to have mixed results as to whether or not it 
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facilitates face recognition and memory. For example, Christie and Bruce (1998) noted 

that neither rigid motion (head movements) nor non-rigid motion (changes in facial 

expression) yielded a significant advantage for face learning and memory. However, 

Lander and Bruce (2000), along with a host of other researchers (Lander & Chuang, 

2005; O'Toole et al., 2002; Pike, Kemp, Towell, & Phillips, 1997) have reported 

conflicting evidence in that an advantage does exist for face recognition when adults 

view moving faces. The results from Lander and Bruce (2000) and others indicate that 

face motion, without corresponding multisensory cues, does aid adults in face-related 

identification/discrimination tasks but, taken together, does not provide any insight as to 

whether motion facilitates face discrimination per se.  

A Developmental Approach to Face Discrimination 

 Multisensory redundancy specifies talking faces and infants are exposed to it from 

birth. In order to investigate the role of multisensory redundancy and its effect on 

developing face discrimination, we chose to examine this ability in infancy. As 

previously mentioned, infants’ sensitivity to multisensory relations, as well as their face 

discrimination abilities, undergo significant progressive (Lewkowicz, 1992a, 1992b, 

1996; Maurer, Mondloch, & Lewis, 2007a; Nelson, 2001; Simion, Leo, Turati, Valenza, 

& Barba, 2007) and regressive (Kelly, Quinn, Slater, Lee, Ge, & Pascalis, 2007; 

Lewkowicz & Ghazanfar, 2006; Pascalis, Haan, & Nelson, 2002; Weikum et al., 2007; 

Werker, Gilbert, Humphrey, & Tees, 1981; Werker & Tees, 1984) changes throughout 

development. Given the complex picture of infants’ ability to extract multisensory 

relations and to perform face discrimination, a thorough review is needed in order to 

better elucidate multisensory face discrimination in early infancy. 
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Infants’ Sensitivity to Multisensory Relations 

 The ability to combine multiple sensory signals is crucial for successful 

face/voice integration and discrimination. Infants’ sensitivity to multisensory relations 

begins soon after birth and, for the most part, improves with perceptual experience. Over 

the course of the first year of life, infants become sensitive to a number of multisensory 

properties, allowing them to extract structure and order in the world around them from 

multiple sensory modalities. Temporal synchrony, for example, is an emergent property 

of two or more co-occurring sensory events (Lewkowicz & Kraebel, 2004) and provides 

an early building block that allows infants to integrate simultaneously occurring sensory 

inputs. Specifically, two inputs that regularly occur together over repeated exposure will 

become associated over time. From a young age, infants are exposed to the synchronous 

nature of multisensory faces and voices and begin to form a preference for their temporal 

synchrony. The extant literature shows that 2.5 – 4-month-old infants prefer 

synchronously talking faces over asynchronously talking ones (Dodd, 1979) and that by 

three months infants are able to associate novel arbitrary faces and voices on the basis of 

audiovisual synchrony (Brookes et al., 2001). The results from Dodd (1979) and Brookes 

et al. (2001) demonstrate that a preference for synchronously talking faces and voices 

develops quickly in infancy, highlighting the fact that the two are readily associated from 

a young age.  

Sensitivity to synchronous relations, however, is not limited to faces and voices, 

as 4-month-olds can match the rhythm and duration of a stimulus’s audiovisual properties 

on the basis of synchrony (Lewkowicz, 1992a; 1992b). As development continues, 

constant exposure to synchronous audiovisual events improves infants’ synchrony-
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detection threshold, with this detection threshold starting around 666ms for perceptually 

naïve infants and improving to about 366ms by 6 years of age and improving further to 

65ms in adulthood (Lewkowicz, 1996; Lewkowicz, 2010; Lewkowicz & Flom, 2013). 

Infants’ perception of face/voice synchrony and the effect of short-term perceptual 

experience are highlighted by the findings of Lewkowicz (2010), who demonstrated that 

infants’ multisensory temporal binding window is altered after a brief exposure to 

asynchronous events. Furthermore, research with adolescents has demonstrated that one’s 

temporal binding window later in development is highly predictive of one’s abilities to 

integrate multisensory cues as measured by susceptibility to audiovisual illusions 

(Stevenson, Zemtsov, & Wallace, 2012). By its very definition, temporal synchrony 

between two or more sensory inputs is an emergent form of multisensory redundancy, 

one that infants are sensitive to early in development and one that they continue to 

become more sensitive to over time. 

 There are also a number of audio-visual properties beyond temporal synchrony 

that infants become sensitive to over the course of development to help them 

disambiguate the multisensory nature of our world. One such example includes invariant 

amodal properties. Amodal properties are different from audio-visual synchrony in that 

they convey non-arbitrary, equivalent, and invariant multisensory information across 

sensory modalities. Amodal information is unique in that the information being conveyed 

is equivalent across the modalities (Gibson, 1969). Stimulus intensity, for example, is an 

amodal property because it can be perceived equally across multiple sensory channels 

(vision, audition, and touch), allowing infants to extract equivalent quantitative 

information regardless of modality (Lewkowicz & Turkewitz, 1981). Specifically, 
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Lewkowicz and Turkewicz (1981) demonstrated that newborn infants perceive stimulus 

intensity soon after birth and that these newborns do so by spontaneously extracting 

audio-visual intensity from light and sound, even to the point where previous exposure in 

one modality affects responsiveness in another modality. Amodal properties are relevant 

because talking faces provide a number of multisensory invariant cues that infants 

become sensitive to during the first year of development, such as: information regarding 

audio-visual phoneme production (Kuhl & Meltzoff, 1982; Patterson & Werker, 1999; 

Patterson & Werker, 2003), affect cues (Walker-Andrews, 1986), gender cues (Walker-

Andrews et al. 1991), species identity (Vouloumanos, Druhen, Hauser, & Huizink, 2009), 

and language identity (Lewkowicz & Pons, 2012). By the end of the first year of life, 

infants are even able to extract the intersensory coherence of native and non-native 

speech, but can only do so for native auditory and visual inputs when the multisensory 

streams were desynchronized (Lewkowicz, Minar, Tift, & Brandon, 2015). These amodal 

properties offer an early means by which infants perceive intersensory relations inherent 

to talking faces and their sensitivity to such relations improves with age.  

Face Discrimination in Infancy 

 To date, the majority of research examining infants’ face-discrimination 

capabilities has focused on infants’ response to modality-specific rather than 

multisensory perceptual attributes. The extensive research history of unisensory face 

discrimination has indicated that infants’ abilities undergo significant change during the 

first year of life. For example, it is well known that infants’ ability to discriminate and 

attend to faces is initially mediated by simple, low-level perceptual cues such as: 

mother’s hairline (Bushnell, Sai, & Mullin, 1989), stimulus energy (Kleiner, 1987), outer 
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face contours (Pascalis et al., 1995), stimulus shape (Ruff & Birch, 1974), and up-down 

asymmetry (Simion et al., 2007). Furthermore, it has been demonstrated that newborn 

infants’ attentiveness to faces is initially controlled by subcortical brain structures and 

only after two months of age this control shifts to primary cortical areas and is mediated 

by improved endogenous sensory control (Halit, De Haan, & Johnson, 2003). After the 

first three months of development, infants’ attention to faces is no longer governed by 

low-level perceptual cues; instead, infants’ face preferences become governed by 

increasingly face-specific, complex perceptual features. First-order relations are one such 

example. First-order relations convey information related to the invariant spatial layout of 

the eyes, nose, and mouth (Maurer, Le Grand, & Mondloch, 2002), and provide face-

specific perceptual features that infants use to perform face discrimination from non-

faces (Bhatt, Bertin, Hayden, & Reed, 2005). During the second half of the first year of 

life, infants specialize to an even greater extent and begin to make face discriminations 

that are increasingly fine-grained by exhibiting sensitivity to second-order relations. 

Second-order relations convey information regarding the spacing between one’s facial 

features, i.e., the spacing between the eyes, nose, and mouth (Maurer, Le Grand, & 

Mondloch, 2002), and thus allow infants to quickly compare and discriminate the internal 

features of multiple faces (Bhatt et al., 2005). Yet, despite the extensive research 

conducted with unisensory faces, little is known regarding the effects of multisensory 

specification of faces on infants’ face discrimination capabilities. 

Multisensory Benefits in Infancy 

 Would infants’ face discrimination capabilities be enhanced by the addition of 

multisensory information? The answer to the question is not yet known, but reasonable 
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predictions can be made based on previous findings that demonstrate how multisensory 

redundancy facilitates learning and attention on other tasks in infancy, such as rhythm 

discrimination (Bahrick & Licklitter, 2000), sequence learning (Frank, Slemmer, Marcus, 

& Johnson, 2009), perception of serial order (Lewkowicz, 2004), and general face 

processing (Lewkowicz & Hansen-Tift, 2012). Examples highlighting the benefits of 

multisensory redundancy is seen in Lewkwicz (2004) and Frank et al. (2009), who 

investigated 4- and 5-month-olds’ ability to perceive serial order and extract sequential 

rules, respectively, and found that infants perceived this information easier when it was 

embedded within an audiovisual, as opposed to a unimodal, context. Additionally, 

multisensory information might facilitate face discrimination because, similar to adults, 

infants exhibit increased levels of neural activation when exposed to multisensory 

stimuli, which may increase perceptual abilities (Hyde et al., 2009). Furthermore, infants’ 

attention is better captured by multisensory objects compared to unisensory ones. For 

example, infants’ exhibit more attention when viewing talking, multisensory faces 

compared to silent ones (Haith, Bergman, & Moore, 1977; Tenenbaum et al., 2012). 

Moreover, the presence of multisensory information even affects infants’ deployment of 

selective attention throughout development (Lewkowicz, Hansen-Tift, 2012). With these 

findings in mind, it is reasonable to assume that the presence of multisensory information 

would facilitate infants’ face-discrimination abilities due to increased levels of attention 

brought about by multisensory redundancy (Haith, Bergman & Moore, 1977; 

Lewkowicz, Hansen-Tift, 2012; Tenenbaum et al., 2012).  

It is important to note that some researchers believe multisensory information 

only benefits infants in their perception of invariant amodal relations and that this class of 
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information is privileged above others within a multisensory context. Specifically, the 

Intersensory Redundancy Hypothesis (IRH) put forth by Bahrick and Lickliter (2000) 

states that infants experience an optimized environment for the learning and encoding of 

amodal relations when presented with multisensory stimuli. The IRH states that 

multisensory information causes invariant amodal stimulus properties to become 

increasingly perceptually salient compared to other cues and that this increased 

perceptual salience is what facilitates the learning and encoding of information. Although 

the finding that amodal properties are readily perceived within a multisensory 

environment is well documented (Bahrick & Lickliter, & Flom, 2004, 2006), other 

researchers believe that amodal properties are not the only properties that enjoy increased 

perceptual salience (Lewkowicz & Kraebel, 2004). Specifically, other researchers have 

indicated that unisensory information also elicits increased attention from infants within a 

multisensory context (Lewkowicz, 1988a, 1988b, 1992) and can even overshadow 

amodal multisensory relations in salient instances (Lewkowicz & Schwartz, 2002). The 

notion that amodal stimulus properties are enhanced, but not necessarily privileged, 

above other modality-specific cues is a subtle point, but could play a prominent role in 

infants’ ability to discriminate changes in a talking face, especially if the voice of a 

talking faces cannot be used as a discrimination cue. In sum, both amodal (Bahrick & 

Licklitter, 2000) as well as unimodal (Lewkowicz & Kraebel, 2004; Lewkowicz & 

Schwartz, 2002) information becomes more perceptually salient within a multisensory 

context. 
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Face Discrimination and Perceptual Narrowing 

 When discussing infants’ growing ability to discriminate faces and the possible 

benefits of multisensory redundancy, it is important to remember that there is a regressive 

component to infants’ perceptual abilities during development, i.e., perceptual narrowing. 

As previously mentioned, development is not strictly a progressive process. Development 

is a mixture of advancement in some areas and regression in others, where infants’ 

perceptual systems become increasingly tuned to their native inputs - such as phonetic 

contrasts, faces, and rhythms - while simultaneously becoming less sensitive to non-

native environmental inputs. Perceptual narrowing is believed to be the complimentary 

process of expertise, in that our initially broadly-tuned perceptual systems become 

narrowed in accordance with our native ecology. This process highlights the importance 

of perceptual experience by demonstrating its role in how our sensory systems coordinate 

(Lewkowicz & Ghazanfar, 2009). This phenomenon was first demonstrated in the 

auditory domain with the finding that English-learning 7-month-old infants are able to 

discriminate both native English and non-native Hindi phonetic contrasts but that 

Caucasian English-speaking adults only did so for their native English phonetic contrasts 

(Werker, Gilbert, Humphrey, & Tees, 1981). It should be noted that perceptual narrowing 

is believed to be a process of reorganization rather than a loss of sensory abilities and that 

this reorganization stems from the plasticity inherent in the immature brain (Lewkowicz, 

2013; Werker & Tees, 2005). 

Perceptual narrowing has been empirically demonstrated to influence two key 

perceptual abilities regarding face processing in infancy, 1) unisensory face 

discrimination (Hayden, Bhatt, Zieber, & Kangas, 2009; Kelly et al., 2007; Pascalis, de 
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Haan, & Nelson, 2002; Xiao, Xiao, Quinn, Anzures, & Lee, 2013) and 2) the extraction 

of audio-visual coherence from both non-human (Lewkowicz & Ghazanfar, 2006) and 

human faces (Pons, Lewkowicz, Soto-Faraco, & Sebastián-Gallés, 2009). Specifically, 

the former set of studies illustrate the well-known phenomenon known as the other-race 

effect, which is characterized as a disproportionate impairment in the recognition and 

discrimination of other-race faces compared to own-race faces (Bothwell, Brigham, & 

Malpass, 1989; Sangrigoli, & De Schonen, 2004). The other-race effect develops in 

infancy and has been demonstrated by examining infants’ ability to discriminate same- 

and other-race faces throughout the first year of life. Specifically, Kelly et al. (2007) 

habituated 3-, 6-, and 9-month-old Caucasian infants to Caucasian, African, Asian, or 

Middle Eastern faces and found that only the 3-month-old infants discriminated both 

native and non-native faces. Additionally, results indicated that 9-month-olds in the study 

had perceptually narrowed due to the finding that they only successfully discriminated 

native-race faces. These results indicate that during the first year of life infants become 

experts at encoding and discriminating faces of their own race - or in most cases, the race 

that they have the most perceptual experience with (Sangrigoli, Pallier, Argenti, 

Ventureyra, & de Schonen, 2005) - while their ability to discriminate other-race faces 

declines.  

The decline in other-race discrimination abilities is the product of one’s 

perceptual environment and is quite plastic early in development. This plasticity is 

apparent in the work of Anzures et al. (2012), who demonstrated that 8- and 10-month-

old Caucasian infants, individuals believed to have already “perceptually narrowed” to 

their native-race faces, were able to discriminate photographs of Asian female faces after 
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three weeks of training with Asian faces. The results from Anzures et al. (2012) 

demonstrate that the perceptual reorganization brought about via perceptual narrowing is 

by no means permanent and is simply the result of infants’ environment, which can be 

reversed given sufficient training. Similar results have been demonstrated using the faces 

of non-human primates and perceptual training in infants 6-9 and 9-12-months of age 

(Fair, Flom, Jones, & Martin, 2012; Pascalis et al., 2005; Scott & Monesson, 2009). 

There are, however, no existing data on whether or not the addition of multisensory 

redundancy would equally facilitate infants’ discrimination abilities for other-race faces.  

It should be noted that most studies examining the other-race effect have 

presented unisensory stimuli in the form of black and white photographs (Bar-Haim et 

al., 2006; Hayden et al., 2009; Kelly et al., 2005; Kelly et al., 2007; Sangrigoli, & De 

Schonen, 2004) and that such stimuli are impoverished relative to the dynamic 

multisensory faces that infants interact with on a daily basis. Therefore, we do not know 

how the perceptual reorganization brought about via perceptual narrowing would be 

influenced by multisensory redundancy, a property that has been demonstrated to 

facilitate infants’ ability during discrimination tasks. By examining face discrimination 

under multisensory conditions, information is provided through multiple sensory 

domains, as is the case with real-world face discriminations. To date, only two studies 

have attempted to create stimuli with greater ecological validity by presenting colored, 

dynamic faces (Liu et al., 2011; Xiao et al., 2012). It should be noted, however, that both 

Liu et al. (2011) and Xiao et al. (2012) did not explicitly examine the effect of 

multisensory redundancy and its potential facilitation of face discrimination because the 
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stimuli presented in these studies contained only dynamic visual information and no 

auditory or speech information. 

Multisensory Cues and the Other-Race Effect 

 It is not known if the addition of multisensory information would facilitate 

infants’ face-discrimination sufficiently to overcome perceptual narrowing as it relates to 

other-race effect. The extant literature on perceptual narrowing, particularly the work of 

Anzures et al. (2012), Bar-Haim et al. (2006), Fair et al. (2012), Pascalis et al., (2005), 

and Scott & Monesson (2009), demonstrates that short-term exposure to other-race, or 

other-species, faces is enough to overcome the regressive effects of perceptual narrowing 

and that this phenomenon is actually quite plastic. In broader terms, there is still lingering 

plasticity in the infant brain by the end of the first year of life and it is not well 

understood how this plasticity will interact with typical early experience in the 

development of perceptual expertise. It is reasonable to expect that multisensory 

redundancy, a factor that is known to improve infants’ learning and discrimination 

capabilities, will provide a sufficient context to overcome the perceptual reorganization 

of perceptual narrowing. Therefore, further research regarding the plasticity inherent to 

the infant brain and whether or not it is sufficient to overcome experience-dependent 

perceptual reorganization vis-à-vis perceptual narrowing is needed.  

Given the extant literature on the subject, a few competing hypotheses can be 

formed. For example, it can be speculated that multisensory information would result in 

greater perceptual salience of both unisensory and amodal information and, in 

combination with increased levels of infant attention, would provide a benefit to face 

discrimination as seen in other perceptual tasks (Haith, Bergman & Moore, 1977; 
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Lewkowicz & Kraebel, 2004; Lewkowicz, 2002; Lewkowicz & Hansen-Tift, 2012; 

Lewkowicz & Schwartz; Tenenbaum et al., 2012). This hypothesis is also supported by 

adult work demonstrating that multisensory training increases one’s ability to perform 

unisensory discrimination (Seitz et al., 2006). The Intersensory Redundancy Hypothesis 

put forward by Bahrick and Lickliter (2000), however, posits an argument against 

multisensory information facilitating infants’ face-discrimination within a multisensory 

context. Specifically, the IRH holds that only amodal properties, not face discrimination 

per se, would gain the privilege of increased perceptual salience and attention. Lastly, it 

is also possible that multisensory redundancy will not be sufficient to overcome the 

perceptual reorganization brought about via perceptual narrowing and that the only way 

to counter its effects is through perceptual experience, as in Anzures et al. (2012) and 

Bar-Haim et al. (2006). This last outcome would indicate that perceptual experience with 

multisensory faces, which always contain multisensory coherence and invariance, is not 

sufficient to reorganize infants’ perceptual abilities, thus illustrating a limitation of the 

plasticity inherent to developing organisms. 

The current study consisted of three experiments that investigated whether or not 

multisensory redundancy is sufficient to facilitate infants’ face-discrimination abilities to 

the point that they may overcome experience-dependent perceptual narrowing. 

Experiment 1 investigated whether the other-race effect extends to the discrimination of 

dynamic, audiovisually specified faces in separate groups of 4-6 and 10-12-month-old 

infants. Experiment 2 investigated infants’ discrimination abilities in the absence of 

multisensory redundancy but in the presence of face-motion cues by presenting silently 
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articulating faces. Finally, Experiment 3 investigated how non-linguistic multisensory 

information contributes to the discrimination of native and non-native faces. 
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EXPERIMENT 1: INFANT DISCRIMINATION OF DYNAMIC NATIVE AND NON-

NATIVE FACES ACCOMPANIED BY SPEECH CUES

Experiment 1 investigated whether the other-race effect extends to the 

discrimination of dynamic, audiovisually-specified faces or whether it is specifically 

related to the processing of static visual stimuli in infancy. This study elucidated the role 

of multisensory speech information and it’s role in infant discrimination of other-race 

faces and whether or not the effects of early sensory experience and perceptual 

reorganization can be overcome by the plasticity of the developing brain. We tested 

separate groups of 4-6 and 10-12 month-old infants in this experiment. These age groups 

were selected because they are similar to the 3- and 9-month-old age groups tested by 

Kelly et al. (2007) and Pascalis et al. (2005), and were believed to provide an adequate 

age range of both perceptually broad and perceptually narrowed infants. We predicted 

that both age groups would be able to discriminate multisensory native and non-native 

faces despite the experience-dependent effects of perceptual narrowing present in the 

older age group. This prediction was based on the assumption that the multisensory 

aspect of our stimuli would allow older infants to overcome perceptual narrowing when 

viewing non-native faces as this information has been shown to increase discrimination 

on other tasks (Bahrick & Licklitter, 2000; Bahrick et al., 2004; Lewkowicz & Hansen-

Tift, 2012; Frank et al., 2009; Lewkowicz & Kraebel, 2004).  
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METHOD 

Participants 

 A total of 53 infants were tested in Experiment 1, consisting of separate groups of 

4-6 month-olds (n = 28; 15 boys; M age = 20.91 weeks, range = 16.00 - 27.57 weeks) and 

10-12 month-olds (n = 25; 12 boys; M age = 47.49 weeks, range = 42.14 – 53.43 weeks). 

Only full-term infants with a birth weight of 2500 grams (5.5 pounds) or higher and a 5-

minute APGAR score of 7 or higher were tested. All infants were healthy at the time of 

testing and had no history of recent eye or ear infection. All infants came from Caucasian 

households and a questionnaire was administered to each mother regarding her baby’s 

exposure to non-Caucasian faces. Based on the results of this questionnaire, the 

percentage of exposure to White, Black, Asian, multiracial, and Native American faces 

per week was calculated and infants whose exposure to non-Caucasian faces exceeded 

20% in any one category were excluded. An additional 18 infants were tested but were 

excluded from data analysis due to fussiness (n = 4), inattentiveness/parent interference 

(n = 3), mixed racial background (n = 6), or non-Caucasian face exposure (n = 5). 

Stimuli and Apparatus 

 A 24-inch (60.9cm) Tobii eyetracker (Model T60 XL) computer monitor 

sampling at 60 Hz presented all test material. All stimuli were created in Adobe Premiere 

and consisted of audiovisual movies presented in Windows Media Player. The stimulus 

materials consisted of four different types of videos. One video consisted of a short 

segment of a Winnie-the-Pooh (presented at 70–74 dB) and was presented before and 

after the test material; this video was used to measure initial and terminal levels of 

attention during the experiment and, thus, determine whether infants became fatigued. 
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The second type of video presented was an attention-getter that consisted of a silently 

expanding/contracting green disk; this video was presented any time the infant looked 

away from the stimulus monitor for a duration longer than 1 s and was used to attract the 

infant’s attention back to the stimulus-presentation monitor. The other two types of 

videos consisted of stimuli designed to examine face-discrimination abilities and acted as 

the habituation and test videos. The habituation videos consisted of either an Asian or 

Caucasian woman who looked directly at the camera, without blinking, uttering the 

syllable /a/ (presented at 63-67 dB, A-scale) at a rate of once every 3 s for a maximum of 

60 s. The syllable /a/ was chosen because it had been used in previous studies examining 

infants’ responsiveness in multisensory perceptual tasks (Kuhl & Meltzoff, 1982; 

Patterson & Werker, 1999; Patterson & Werker, 2003). Each actor’s mouth articulation 

lasted between 0.94 – 1.28 s while she produced a vocalization lasting between 0.61 - 

0.73 s. The test videos presented a different Asian or Caucasian woman from the 

habituation phase who looked into the camera and articulated the syllable /a/ (also 

presented at 63-67 dB, A-scale) at a rate of once every 3 s, again for a maximum of 60 s. 

A separate female, who was not videotaped as a stimulus, contributed the audio track that 

replaced the original vocalizations in each of the habituation and test videos. This 

vocalization had a duration of 0.65 s. This procedure ensured that no idiosyncratic cues 

linked a particular voice to a particular face, making the only difference between 

habituation and test videos the face stimuli. The face display area measured 22.25 x 36.83 

cm on the computer screen and the faces themselves took up roughly 1/3 of the area 

(22.25 x 13.3 cm subtending approximately 22 degrees of visual angle). All actors wore a 

headband at the time of recording with their hair pulled back in ponytail. A speaker 
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located along the bottom edge of the monitor presented all audio stimuli. Examples of 

native and non-native face pairs can be seen in Figure 1. 

Stimulus Selection  

Face stimuli were created by recording female undergraduate psychology students 

enrolled at Florida Atlantic University. All the participants classified themselves as 

Caucasian or Asian (Chinese, Japanese, or Vietnamese). A total of 18 students were 

recorded, nine Caucasian and nine Asian. A total of 14 videos (five Caucasian and nine 

Asian) were deemed acceptable as possible stimuli whereas four were deemed unusable 

due to: participants’ inability to correctly articulate the syllable (n = 1), permanent 

makeup (n = 1), dental braces (n = 1), or dyed blue hair color (n = 1).  

To select stimuli from the 14 possible videos, a face survey was created and 

administered to 30 adult participants that rated the faces along a 7-point scale on the 

dimensions of attractiveness and distinctiveness. The goal was to find four pairs of faces 

(two Caucasian pairs and two Asian pairs) that did not differ on attractiveness or 

distinctiveness. This procedure was taken from Kelly et al. (2007). It should be noted that 

even though the adult raters viewed static pictures in order to select dynamic stimuli, 

Rhodes et al. (2011) has indicated that ratings of attractiveness do not significantly 

change between pictures and dynamic videos. Additionally, the measure of 

distinctiveness was adapted from Newell, Chiroro, and Valentine (1999) and has been 

used in a number of adult face-recognition tasks. Once 30 raters had completed the 

survey, a paired-samples t-test was conducted to determine if Caucasian and Asian faces 

should be analyzed separately along the dimension of attractiveness. The paired-samples 

t-test yielded significant results, t (29) = 6.24, p < .001, (Two-tailed) Cohen’s D =.93, 
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indicating that our raters deemed the Caucasian faces (M = 3.71, SD = 0.74) significantly 

more attractive than the Asian faces (M = 2.98, SD = 0.82). As a result, further analyses 

along the dimension of attractiveness were separated by race. The dimension of 

distinctiveness was also separated by race due to an a priori hypothesis that adult raters 

residing in Western countries (which was the case for our raters) would be subject to the 

other-race effect and, therefore, would not rate Caucasian and Asian faces equally along 

this dimension. Next, intraclass correlations were performed to ensure high agreement 

between raters in their judgments of attractiveness and distinctiveness. Results indicated 

that there was high agreement along the dimension of attractiveness for both Caucasian 

faces ([ICC] = .90) and Asian faces (ICC = .94) as well as moderately high agreement 

along the dimension of distinctiveness for both Caucasian faces ([ICC] = .75) and Asian 

faces (ICC = .77).  

Separate repeated measures Analyses of Variance (ANOVA) were conducted on 

attractiveness ratings for both Caucasian and Asian faces with face acting as the within-

subjects variable. The ANOVAs yielded significant results for both Caucasian faces, F 

(4, 26) = 22.32, p < .001, ηp2 = .77, and Asian faces, F (8, 21) = 13.85, p < .001, ηp2 = 

.84. Bonferroni post hoc tests were then used to investigate which faces were 

significantly different from each other along the dimension of attractiveness for each 

race. Next, separate repeated measures ANOVAs were conducted on distinctiveness 

ratings for both Caucasian and Asian faces with face again acting as the within-subjects 

variables. The ANOVAs again yielded significant results for both Caucasian faces, F (4, 

26) = 2.98, p = .038, ηp2 = .31, and Asian faces, F (8, 21) = 5.95, p < .001, ηp2 = .69. 

Bonferroni post hoc tests were used to investigate which faces were significantly 
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different from each other along the dimension of distinctiveness for each race. Once this 

was complete, two face-pairs for each race were chosen based on proximity to their group 

mean for attractiveness and distinctiveness. The post hoc tests ensured that each face pair 

did not significantly differ in terms of attractiveness and distinctiveness. The final pairs 

chosen can be seen in Figure 1.  

Procedure 

Testing took place in a dimly lit, quiet, sound-attenuated booth. Each infant sat in 

an infant seat or on his or her caregiver’s lap approximately 50 cm from the Tobii 

monitor. Prior to the test session, infants were calibrated to a 5-point display using a 

bouncing object in each of the four corners and the center of the monitor. Eye-tracking 

data were only later analyzed if the infant successfully calibrated to at least four of the 

five points (96% of all infants). We used an infant habituation/test procedure for this 

study, such that, infants’ looking behavior determined the onset and offset of each trial. A 

researcher situated outside the booth, who was blind with respect to the stimuli being 

presented, observed the infant’s looking behavior and controlled the onset and offset of 

each trial. A lookaway threshold of 1 s was used throughout the study, meaning trials 

progressed if infants averted their gaze from the screen for longer than 1 s. Once 

calibration was complete, presentation of the pre-test Winnie-the-Pooh movie began and 

lasted for up to 60 s. Once each infant viewed the pre-test Winnie-the-Pooh movie, 

presentation of the habituation stimuli began. During habituation, if infants’ attention 

ever strayed from the stimulus monitor for a duration exceeding 1 s, an 

expanding/contracting disk appeared on screen and reoriented the infants to the center of 

the monitor. Habituation trials were presented until the cumulative looking time of the 
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three most recent trials fell below 50% of the cumulative looking time of the first three 

trials. Once habituation was complete, the test stimuli were presented. The test phase 

consisted of four trials alternating between familiar and novel test stimuli with a familiar 

test trial always occurring first. The familiar test trials involved the presentation of the 

same stimulus that was presented during habituation, whereas the novel test trials 

involved the presentation of a novel face of the same race (with the same audio track as 

in the habituation trials). It is important to note that race was a between-subjects factor, 

meaning each infant only saw faces from one racial category throughout the study. 

Conditions were counterbalanced across all infants so that each face pair acted equally 

often as both the habituation and test stimuli. Once the test phase was complete, infants 

viewed the post-test Winnie-the-Pooh movie. 

RESULTS 

The results of this and subsequent experiments consisted of three separate 

analyses: 1) duration of looking time during the habituation/test procedure, 2) duration of 

looking from the eye-tracking data based on predefined areas of interest (AOI), and 3) 

global spatio-temporal patterns of recurrent eye fixations extracted from the eye-tracking 

data by way of recurrence quantification analysis (RQA). 

Analyses of Habituation/Test Performance 

Analysis of habituation/test data began with a preliminary outlier detection 

method designed to determine if any infants exhibited spontaneous regression to the 

mean during the first test trial. Mean looking time during the first test trial was examined 

separately for each age group and compared to the last habituation trial. Four infants were 

removed (two 4-6-month-olds and two 10-12-month-olds) because they exhibited mean 
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looking times with a z-score of + 2 standard deviations from their group mean during the 

first test trial. This initial analysis left a total N = 49 (4-6-month-olds = 26, 10-12-month-

olds = 23). Next, mean looking times for the two familiar and two novel trials were 

collapsed to obtain a single mean looking time for the Familiar and Novel test trials, 

respectively. A repeated measures ANOVA was conducted on mean looking times for the 

combined familiar and combined novel test trials in order to determine if infants’ 

responsiveness was affected by the presentation of the novel face. The ANOVA included 

familiarity (Familiar or Novel) as a within-subjects factor and age (4-6 or 10-12) and face 

race (Caucasian or Asian) as between-subjects factors. These results can be seen in 

Figures 2a and 2b. Results of the ANOVA indicated a significant effect of familiarity, F 

(1, 45) = 20.41, p < .001, ηp2 = .31, and a marginally significant effect of age, F (1,45) = 

3.89, p = .055, ηp2 = .08, but no significant main effect of race, F (1, 45) = 0.04, p = 

.839, ηp2 < .00, nor interactions between familiarity and age, F (1, 45) = 1.89, p = .176, 

ηp2 = .04, familiarity and race, F (1, 45) = 0.13, p = .725, ηp2 < .01, nor age and race, F 

(1, 45) = 0.01, p = .949, ηp2 < .01.  

To investigate the main effects of familiarity and age, and to test our a priori 

hypothesis that infants’ of both age groups would exhibit response recovery when 

presented with novel faces, planned paired-samples t-test were used. The paired-samples 

t-tests indicated that 4-6-month-olds exhibited response recovery when presented with 

novel Caucasian, t (12) = 3.18, p = .004 (one-tailed), Cohen’s D = 0.62, and Asian, t (12) 

= 2.01, p = .034 (one-tailed), Cohen’s D = 0.63, faces. Furthermore, the paired-samples t-

tests indicated that 10-12-month-olds exhibited response recovery when presented with 

novel Caucasian, t (12) = 3.43, p = .003 (one-tailed), Cohen’s D = 1.04, and Asian, t (9) = 
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2.22, p = .027 (one-tailed), Cohen’s D = 0.73, faces. These results indicate that infants of 

both ages successfully discriminated novel native and non-native faces. 

To ensure that there were no confounding effects of individual face pairs, an 

additional repeated measures ANOVA was conducted using familiarity (Familiar or 

Novel) as the within-subjects factor and age (4-6 or 10-12-month-olds) as a between-

subjects factor, but replaced the between-subjects factor of face race (Caucasian or 

Asian) with face pair (pairs 1 - 4). This allowed for a direct investigation of whether or 

not infants’ response recovery differed as a function of pair. Again, the ANOVA yielded 

a significant effect of familiarity, F (1, 41) = 18.59, p < .001, ηp2 = .29, and a marginally 

significant main effect of age, F (1, 41) = 3.79, p = .058, ηp2 = .09, but no main effect of 

face pair, F (1, 41) = 2.37, p = .107, ηp2 = .10. Given that there were no systematic 

differences in response recovery as a result of face pair, and that each face pair was 

controlled along the dimensions of attractiveness and distinctiveness prior to testing, 

future analyses treated all face pairs as being equal and did not include the face-pair 

variable as a between-subjects factor.  

In sum, the habituation/test data indicated that both age groups exhibited response 

recovery when presented with novel faces, regardless of whether or not these faces were 

Caucasian or Asian. These results contradict the findings of numerous studies examining 

the other-race effect using static, black and white, photographs (Bar-Haim et al., 2006; 

Hayden et al., 2009; Kelly et al., 2005; Kelly et al., 2007; Sangrigoli, & De Schonen, 

2004) and demonstrate that the addition of concurrent multisensory speech cues to 

dynamic faces facilitates non-native face discrimination in older infants even after 

perceptual narrowing to native-race faces has occurred. Again, it is worth pointing out 
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that the audio track accompanying the familiar and novel faces was the same. Therefore, 

infants could not have made the successful discriminations on the basis of the speech 

information.  

Eye-Tracking Analyses Based on AOIs 

Concurrent with the presentation of native and non-native faces, eye-tracking data 

were collected to investigate differences in infants’ allocation of attention while 

performing the face-discrimination task. An area of interest (AOI) analysis is the default 

mode of eye-tracking analysis and has the advantage of being easy to conceptualize and 

easy to calculate. Traditional AOI analysis is characterized by grouping visual fixations 

in a predetermined area of the stimulus to obtain information regarding the amount of 

time the subject spent fixating on a particular area (Xiao et al., 2013). Group-level 

statistics can then be used to compare proportion of looking at different AOIs. The 

current study used four AOIs in total, one encompassing the total face-display area and 

three that spanned different regions of the face. The first AOI encompassed the entire 

face-display area and provided a secondary means by which infants’ total fixation 

duration was measured. The second AOI overlaid the speaker’s eyes and was defined by 

an area delineated by one horizontal line above the eyebrows and another horizontal line 

through the top of the nasal bridge along with two vertical lines at the edge of the 

speaker’s hairline on both sides of the face. The second AOI overlaid the speaker’s nose 

and was defined by an area delineated by one horizontal line at the top of the speaker’s 

nasal bridge, just below the eye AOI, and another horizontal line just under the speaker’s 

nostrils along with two vertical lines just outside the speaker’s nostrils. The third AOI 

overlaid the speaker’s mouth and was delineated by one horizontal line just under the 
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speaker’s nasal bridge, just below the nose AOI, and another horizontal line running 

through the center of the chin along with two vertical lines located halfway between the 

right and left corners of the mouth. The three face-specific AOIs can be seen in Figure 3.  

The eye and mouth AOIs were created in accordance with the specifications set 

forth by Lewkowicz and Hansen-Tift (2012) and were used because these regions were 

shown to differentially elicit infant attention during the first year of life when presented 

with talking faces. The nose AOI was chosen because Xiao et al. (2013) demonstrated 

that this region is a salient facial feature eliciting infant attention when exposed to other-

race faces. AOIs were controlled between faces to be as close in surface area as possible 

while still conforming to the stimulus.  

We chose to ask three questions that could be answered with these eye-tracking 

AOI data: 1) where did infants allocate their attention during the first three habituation 

trials, i.e., when they were first exposed to and learning these native and non-native faces, 

2) how did the race of the faces affect their allocation of attention during these trials, and 

3) were there any differences in infants’ allocation of attention between the familiar and 

novel faces, i.e., where did they allocate their attention to differentiate habituated faces 

from novel faces? Due to the combined findings of Lewkowicz and Hansen-Tift (2012) 

and Xiao et al. (2013), we believed there would be developmental changes in infants’ 

allocation of attention to AOIs as a function of infant age and stimulus race, with greater 

attention to the nose of non-native faces in both age groups and increased attention to the 

mouth region regardless of speaker race in the older age group.  
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Data Cleaning  

At each age, raw looking times across the whole experiment were first cleaned 

using the boxplot method of outlier detection as described by Cohen, Cohen, West and 

Aiken (2002). Outlier detection was completed in this manner to indicate if any infant 

exhibited abnormal levels of tracking, either through atypical corneal reflection or 

equipment error. This method was used because it relies on the interquartile range (IQR) 

of infants’ raw looking time to detect outliers that exceed a range of 1.5 * IQR below the 

1st or above the 3rd quartile, as opposed to the typical + 2 standard deviation method, 

which relies on the mean to detect outliers. The advantage of using the boxplot method is 

that it overcomes the problem of masking, which is the possibility of one outlier 

concealing the presence of another outlier, as is typical when using the mean as a 

measure of central tendency. Since infant data, especially eye-tracking data, can be 

inherently noisy and may contain multiple outliers, we felt the boxplot method was a 

more appropriate technique to measure central tendency and would provide a more 

accurate method of outlier detection.  

The boxplot method identified one 4-month-old infant whose raw looking time 

across the whole experiment exceeded 1.5*IQR above the 3rd quartile. Furthermore, 

infants’ whose eye-tracking data did not yield a total fixation duration of 2 s were 

removed. This guideline was implemented because a 2 s threshold has been used in a 

previous eye-tracking study examining infants’ allocation of visual attention (Lewkowicz 

& Hansen-Tift, 2012). No infants were removed as a result of this 2 s criterion. 

Additionally, one infant failed to calibrate to at least four of the five points prior to the 

experiment and therefore did not contribute usable eye-tracking data. It should be noted 
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that this infant, however, did still contribute usable habituation/test data in the previous 

section. Both the infant identified as an outlier by the boxplot method, along with the 

infant who failed to calibrate, were subsequently removed and excluded from AOI 

analyses, leaving a total N = 47 (4-6-month-olds = 24, 10-12-month-olds = 23). 

Data Derivation and Analysis 

Analysis began by calculating each infant’s proportion-of-total-looking time 

(PTLT) scores for each face-related AOI (Eyes, Nose, and Mouth) by dividing the 

amount of total looking at each AOI and by the total amount of looking at the AOI 

encompassing the entire face-display area. Proportion-of-total-looking-time scores were 

calculated for each AOI during the first three habituation trials, the two familiar test 

trials, and the two novel trials separately; this was done in order to obtain PTLT scores 

for all face-related AOIs during all three types of trials (habituation, familiar, and novel) 

so that we could examine how infants were: 1) encoding a novel native or non-native face 

during habituation and 2) directly compare fixation patterns between a ‘familiar’ face and 

a completely novel face during the test phase. We started by examining infants’ 

allocation of attention towards the faces during the first three habituation trials only. This 

was done to examine how infants typically allocate their attention to native and non-

native race faces.  

A 3x2x2 mixed-factors, repeated-measures ANOVA was used to analyze infants’ 

PTLT scores with AOI (eyes, nose, and mouth) as the within-subjects factor and age (4-

6- or 10-12) and race (Caucasian or Asian) as between-subjects factors. These results can 

be seen in Figures 4a and 4b. The ANOVA yielded a significant effect of AOI, F (2, 42) 

= 7.66, p = .001, ηp2 = .27, a significant AOI x age interaction, F (2, 42) = 3.52, p = .039, 
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ηp2 = .14, and a marginally significant effect of age, F (1, 43) = 3.82, p = .057, ηp2 = 

.08, but no main effect of race, F (1, 43) < 0.01, p = .982, ηp2 < .00, nor interactions 

between AOI and race, F (1, 42) =0.46, p = .636, ηp2 = .02, nor race and age, F (1, 43) 

=2.40, p = .129, ηp2 < .05.  

To investigate the main effect of AOI and the AOI x Age interaction, as well as 

our a priori hypothesis that infants’ allocation of attention would change over the course 

of development and would differ as a result of face race, paired-samples t-tests were 

performed on the PTLT scores of each AOI as a function of age and race. The paired-

samples t-tests performed on PTLT scores from the Caucasian condition indicated that 4-

6-month-olds exhibited no significant differences in looking between the eye and nose 

regions, t (11) = .06, p = .477 (one-tailed), Cohen’s D = 0.03, the eyes and mouth regions, 

t (11) = 0.59, p = .285 (one-tailed), Cohen’s D = 0.03, or the nose and mouth regions, t 

(11) = 0.91, p = .191 (one-tailed), Cohen’s D = 0.38. Significant differences were found 

in the Caucasian condition for the 10-12-month-olds between the eye and nose regions, t 

(12) = 2.34, p = .019 (one-tailed), Cohen’s D = 1.06, and eye and mouth regions, t (12) = 

5.89, p < .001 (one-tailed), Cohen’s D = 2.15, but not between the nose and mouth 

regions, t (12) = 1.15, p = .136 (one-tailed), Cohen’s D = 0.57.  

The paired-samples t-tests performed on PTLT scores from the Asian conditions 

indicated that 4-6-month-olds exhibited no significant differences in looking between the 

eye and nose regions, t (11) = 0.33, p = .751 (one-tailed), Cohen’s D = 0.14, the eyes and 

mouth regions, t (11) = 0.50, p = .627 (one-tailed), Cohen’s D = 0.25, nor the nose and 

mouth regions, t (11) = 0.34, p = .738 (one-tailed), Cohen’s D = 0.12. There were again, 

however, significant differences for the 10-12-month-olds between the eye and mouth 
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regions, t (9) = 3.42, p = .004 (one-tailed), Cohen’s D = 1.89, and the nose and mouth 

regions, t (9) = 2.75, p = .011 (one-tailed), Cohen’s D = 1.57, but not between the eye and 

nose regions, t (9) = 0.696, p = .247 (one-tailed), Cohen’s D = 0.28. In sum, these results 

indicate that the 4-6-month-olds did not systematically allocate their attention to one 

region in greater proportion but that the 10-12-month-olds did, with their attention being 

allocated significantly more to the nose and mouth of native-race speakers and to the 

mouth of non-native race speakers.  

 To investigate the marginally significant effect of race, and to test our a priori 

hypothesis that race would affect infants’ allocation of visual attention, independent-

samples t-tests were performed on the PTLT scores of each AOI as a function of speaker 

race for each age group separately. These results can be seen in Figure 5. The 

independent-samples t-test performed on 4-6-month-olds’ PTLT scores yielded no 

significant differences between AOIs as a function of race for the eyes, t (22) = 0.32, p = 

.376 (one-tailed), Cohen’s D = 0.13, nose, t (22) = 0.04, p = .491 (one-tailed), Cohen’s D 

= 0.01, nor mouth, t (22) = 0.76, p = .553 (one-tailed), Cohen’s D = 0.25. Furthermore, 

the independent-samples t-test performed on 10-12-month-olds’ PTLT scores yielded 

significant differences between AOIs as a function of race but only for the mouth AOI, t 

(22) = 3.79, p = .050 (one-tailed), Cohen’s D = 0.69, and not the eyes, t (22) = 2.78, p = 

.25 (one-tailed), Cohen’s D = 0.29, or nose, t (22) = 1.40, p = .143 (one-tailed), Cohen’s 

D = 0.47, AOIs. These results indicate that infants tended to fixate equally on the eye, 

nose, and mouth regions as a function of speaker race, with the exception that 10-12-

month-olds, who fixated in greater proportion on the mouth of non-native speakers 

compared to native-race speakers.  



 

 35 

 To investigate how infants of both age groups successfully discriminated familiar 

from novel faces, we next compared PTLT scores for the familiar and novel test trials. 

There has been no previous work examining whether infants differentially allocate their 

attention between familiar and novel faces during a habituation/test procedure where the 

test phase displays a single stimulus on screen, therefore, we had no a priori hypotheses 

as to whether or not infants’ fixations would differ as a result of stimulus familiarity 

(Gaither, Pauker, & Johnson, 2012). We conducted a 3x2x2x2 mixed-factors, repeated-

measures ANOVA, with the novel test trials with AOI (eyes, nose, or mouth) and 

familiarity (familiar or novel) as within-subjects factors and age (4-6 or 10-12-months) 

and face race (Caucasian or Asian) as between-subjects factors. These results can be seen 

in Figure 6. The ANOVA yielded significant main effects of AOI, F (2, 36) = 10.77, p < 

.001, ηp2 = .37, and age, F (1, 37) = 6.251, p = .017, ηp2 = .15, but not of familiarity, F 

(1, 37) = 0.001, p = .977, ηp2 < .01, nor face race, F (1, 37) = 0.50, p = .484, ηp2 = .01. 

The ANOVA also yielded a significant interaction between AOI and age, F (2, 36) = 

10.09, p < .001, ηp2 = .36, but not between AOI and race, F (2, 36) = 1.15, p = .327, ηp2 

= .06, familiarity and race, F (1, 37) = 0.40, p = .530, ηp2 = .01, nor age and race, F (1, 

37) = 0.01, p = .604, ηp2 < .01, and a marginally significant interaction between AOI, 

age, and race, F (2, 36) = 2.86, p = .070, ηp2 = .14. These results replicate the findings 

from the first three habituation trials but fail to indicate that infants systematically varied 

their attention between specific face AOIs as the result of familiarity and, thereby 

continued to fixate on the same regions regardless of whether or not the face was familiar 

or novel. Combined with the habituation/test data, these results indicate that infants 
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discriminated familiar from novel faces as a result of similar fixation patterns between 

the two types of faces.  

The results answer our three main questions: 1) where did infants allocate their 

attention during the first three habituation trials, i.e., when they were first exposed to and 

learning native and non-native faces, 2) how did the race of the faces affect their 

allocation of attention, and 3) were there any differences in infants’ allocation of attention 

between the familiar faces and the novel faces, i.e., where did they allocate their attention 

to differentiate habituated/learned faces from novel faces? Question one was answered by 

the within-race comparisons seen in Figures 4a and 4b, the results of which indicated that 

younger infants allocated their attention to all three face regions equally when encoding 

native- and non-native race faces, whereas the older infants allocated their attention more 

to the nose and mouth for native-race faces but more to the mouth for non-native race 

faces. Question two was answered with the between-race AOI analyses, the results of 

which can be seen in Figure 5 and indicate that infants’ generally allocate their attention 

equally across race, with the exception of the 10-12-month-olds who fixated significantly 

more on the mouths of the non-native faces. Question three was answered by comparing 

PTLT scores for each AOI as a function of familiarity as seen in Figure 6. The results of 

these analyses indicated that familiarity of the face had no effect on infants’ allocation of 

attention. 

Temporal Characteristics of Fixations via Recurrence Quantification Analysis 

Looking-time measurements coded from habituation/dishabituation behavior, as 

well as fixation durations extracted through AOI analysis, offer insights to infants’ global 

looking behavior but have little to offer when describing the moment-to-moment 
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temporal dynamics of attention. Eye-movements, in particular fixation sequences, offer a 

rich behavioral response that naturally unfolds over time. Such fixation sequences can 

offer insights into an observer’s online attentional dynamics as well as the effect of the 

stimulus on those attentional dynamics (Anderson et al., 2013). Research in the adult 

literature has indicated that different attentional strategies exist between novices and 

expert perceivers and that these attentional strategies lead to quantitative differences in 

moment-to-moment eye-movement temporal dynamics during scene observation (Bernal, 

Sanchez, & Vilarino, 2014; Li et al., 2012; Vaidyanathan et al., 2014). Due to the 

differences in eye-movement temporal dynamics between novice and expert viewers, it is 

reasonable to assume that such differences will also exist in the current study due to 

infants’ growing perceptual expertise for native and non-native races faces throughout the 

first year of life.   

Recurrence Quantification Analysis (RQA) is a method of nonlinear data analysis 

that quantifies the spatio-temporal recurrence of complex dynamical systems (Webber & 

Zbilut, 2005). Recurrence quantification has been used to quantify and compare the 

dynamics of many naturally occurring phenomena, such as: the up and down motion of 

ocean waves, amino acid patterns of protein expression, the rhythmic quality of speech, 

heartbeat dynamics, and recently, eye-movement fixations (Anderson et al., 2013; Coco 

& Dale, 2014; Vaidyanathan et al., 2014; Webber & Zbilut, 2005). Recurrence 

quantification allows one to calculate basic temporal statistics from matrices of the 

spatio-temporal distribution of fixations and refixations, including: rate of recurrence, 

determinism, laminarity, and center of recurrence mass (CORM). A detailed definition of 

these terms are listed below and put into the context of eye-movement fixations.  
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Recurrence: In the fixation sequence Fi , i = 1, . . . , N, with Fi = < xi , yi >, two 

points are considered recurrent if they are in close spatial proximity to one another, as 

defined by some distance metric; in our case, Euclidean distance is measured in pixels on 

a computer screen. Specifically, one can define recurrence rij  as: 

 

 

 where d is a Euclidean distance metric and p is the radius threshold for recurrence in 

pixels. Subsequently, the rate of recurrence is calculated as the proportion of the time 

series that is recurrent with itself, or the proportion of fixations that are in the same 

spatial area over time. Recurrence is not a temporal measure per se, but rather an 

indicator of how often the time series, or series of fixations, repeats itself.  

 Determinism:  Determinism represents repeated gaze patterns that occur close in 

time during a fixation chain. Determinism represents how likely the time series predicts 

itself on the time scale of a few fixations. For example, in fixation sequences, 

determinism indicates how accurately fixation 1 will predict fixations 2 and 3. 

Determinism, or DET, is defined as: 

 

 

where DL is the minimum diagonal line length on our recurrence plot to indicate a 

repeated scan path and R is the sum of recurrences. In the current study, L is defaulted to 
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L = 2 as this is a parameter set forth by Anderson et al. (2013) and Vaidyanathan et al. 

(2014) in their respective eye-tracking studies.  

 Laminarity: Laminarity measures the number of instances an area was initially 

scanned with a single fixation and then rescanned in detail by consecutive fixations later 

in the fixation chain. Laminarity, in general, indicates that a specific area is repeatedly 

fixated in order to extract more detail from that specific location, with higher laminarity 

values indicating that an individual’s recurrent fixations contain more clusters as time 

unfolds. Laminarity (LAM) is represented by vertical and horizontal lines formed on the 

recurrence plot, again with a default length of L = 2 as put forth by Anderson et al. 

(2013). Laminarity is defined by:  

 

 

where HL and VL are the number of horizontal and vertical lines, respectively, and R is 

the sum of recurrences. Laminarity can be thought of as being similar to determinism but 

on a longer time scale.  

 Center of Recurrence Mass (CORM): Center of Recurrence Mass indicates 

approximately where in the fixation sequence most of the recurrent points are situated. 

Center of Recurrence mass is defined as the distance of the recurrent points’ center of 

gravity from the line of incidence (y = x) by the formula:  
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where rij  indicates recurrent points i and j and R again represents the sum of recurrences. 

In general, low CORM values indicate that recurrent fixations occur close in time and 

high CORM values indicate recurrent fixations that occur widely separated in time.  

The main goal of RQA in the current experiment was to offer a means of 

exploratory analysis by which temporal characteristics of infants’ fixation patterns could 

be quantified. Due to the procedural design of the habituation/test procedure, infant 

attention is naturally higher at the onset of the experiment than at its conclusion, with 

fewer lookaways and longer fixation chains during the first few trials. Because of this, it 

can become increasingly difficult for eye-tracking equipment to accurately capture eye-

movement fixations as the experiment progresses. Therefore, RQA analysis was only 

conducted on the first three trials of habituation when infants’ sustained attention was at 

its highest. It should be noted that the first three trials of the experiment were previously 

used to calculate the habituation criterion that determined each infant’s initial overall 

level of attention and, thus, is suitable to capture temporal characteristics of their fixation 

patterns. By limiting RQA analysis to the first three trials of habituation, the analysis only 

addresses infants’ eye-movement patterns as they are encoding novel native- or non-

native race faces.   

Data Derivation and Cleaning 

The first step to performing RQA is selecting the appropriate distance threshold 

that will define recurrent fixations. Since recurrence is a matter of fixations’ spatial 

proximity to one another, selection of the proper threshold is quite important and can lead 

to drastically different outcomes dependent on the selection (Schinkel, Dimigen, & 

Marwan, 2008). There are a few existing rules of thumb that guide the appropriate 
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selection of distance thresholds in previous eye-tracking studies: 1) A distance threshold 

that yields an average recurrence rate of 10% (Anderson et al., 2013), 2) A distance 

threshold that is 10% of the maximum phase space diameter for an entire fixation 

sequence (Schinkel, Dimigen, & Marwan, 2008), and 3) A distance threshold that 

constitutes 1-2 degrees visual angle of the stimulus being presented (Vaidyanathan et al., 

2014).  

Due to the fact that methods one and two are shaped heavily by the subjects being 

tested, as well as the stimulus being presented, they are easily influenced by signal noise. 

Additionally, methods one and two constitute a post hoc method of selection, meaning 

RQA analysis must be repeated on the dataset until this criterion is satisfied. Therefore, 

method three was deemed to be the most appropriate in the current situation because it is 

the most resistant to signal noise and will remain constant across all stimulus conditions 

and age groups (Vaidyanathan et al., 2014). The criterion of 1-2 degrees of visual angle, 

however, is a wide threshold in any eye-tracking experiment and yields distance 

threshold ranging from 32 – 64 pixels in the current study. Due to this wide range of 

possible distance thresholds, selection of a precise threshold between 1-2 degrees of 

visual angle was based off of previous infant eye-tracking work that investigated 

attention towards native- and non-native faces. Specifically, Wheeler et al. (2011) used a 

30-pixel radius to define infants’ fixations during the presentation of native and non-

native race faces. Because Wheeler et al. (2011) established 30 pixels as an appropriate 

radius for 6-10-month-old infants’ fixations, we felt that selection of a 32-pixel distance 

threshold, or 1 degree of visual angle, to be appropriate in the current experiment. 
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Additionally, a distance threshold of 32-pixels is very close to the 29-pixel threshold 

would have been selected had guideline two been used.  

Once the distance threshold of 32 pixels was chosen, raw fixations during the first 

three habituation trials were analyzed through a series of MATLAB scripts, both custom-

written and publicly available through the CRP toolbox (Marwan, Romano, Thiel, & 

Kurths, 2007), to construct recurrence plots and to extract the RQA measures of: 

recurrence, determinism, laminarity, and CORM. Examples of the generated recurrence 

plots can be seen in Figure 7. Only infants whose data were used in the previous AOI 

analyses were used in RQA analysis. Outliers were determined by using the boxplot 

method of outlier detection on REC, DET, LAM, and CORM separately because it is not 

known if RQA measures are normally distributed and this measure of outlier detection 

uses the median as a measure of central tendency as opposed to the mean (Cohen, Cohen, 

West, & Aiken, 2002). If an infant was deemed an outlier on a single measure (REC, 

DET, LAM, or CORM) their data were removed from current RQA analyses. Data from 

eight participants were removed as outliers as a result of this procedure (4-6-month-olds, 

N = 3 and 10-12-month-olds, N = 5).  

Next, as in Anderson et al. (2013), the recurrence measures were entered into 

separate one-way ANOVAs with age (4-6 or 10-12) as a between-subjects factor. Race 

was excluded as a between-subjects factor because the removal of outliers left certain 

experimental conditions with weak statistical power due to an N < 10. We felt justified to 

exclude the between-subjects factor of race because it was not found to be a significant 

main effect in either the previous habituation/test or AOI analyses. It should be noted that 

all RQA measures satisfied Levene’s test of homogeneity of variances and became 
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normally distributed once outliers were removed and, thus, were suitable to examine with 

ANOVA. The RQA measures of recurrence, determinism, and laminarity did not yield 

any significant main effects, F (1,37) = 2.30, p = .138, ηp2 = .06, F (1,37) = 0.11, p = 

.742, ηp2 < .01, and F (1,37) = 0.21, p = .653, ηp2 < .01, respectively. Center of 

recurrence mass, however, did yield a significant effect of age, F (1,37) = 6.33, p = .016, 

ηp2 = .15, with CORM values being higher for the 10-12-month olds (M = 33.45, SD = 

1.79) than the 4-6-month-olds (M = 31.77, SD = 2.29). These results can be seen in 

Figure 8. These results indicate that older infants’ center of recurrence mass was 

significantly further away from their recurrence plot’s line of incidence, meaning that 

recurrent fixations occurred significantly more separated in time than they did for the 

younger infants. 

Overall, the RQA measures of recurrence, determinism, and laminarity yielded no 

significant differences in the temporal profile of infants’ refixations. These null results 

indicate that, in general, infants were refixating previously fixated areas to the same 

degree (REC), that early fixations equally predicted future fixations (DET), and that areas 

of the face were refixated to the same degree later in time (LAM). The RQA measure of 

CORM, however, indicated a significant difference in the temporal allocation infants’ 

recurrent fixations. Specifically, 10-12-month-old infants had recurrent fixations that 

were significantly more separated in time. Larger CORM values have been interpreted by 

Anderson et al. (2013) and Vaidyanathan et al. (2014) as being indicative of perceptual 

expertise, as it is characterized by short initial looks followed by widely-distributed 

scanning before returning to an area of interest. In this context, the larger CORM values 

exhibited by the 10-12-month-old infants make sense because face expertise is drastically 
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more pronounced at this age than it is at 4-6-months of age. Combined with the data from 

the AOI analyses, the larger CORM values indicate that 10-12-month-olds initially 

allocated their attention in a global spatio-temporal manner before settling on an area of 

interest, i.e, the speaker’s mouth. 

DISCUSSION 

Experiment 1 investigated infants’ ability to discriminate native and non-native 

faces that were accompanied by identical speech stimuli and examined how infants’ 

fixation patterns, both in terms of proportion of total looking and moment-to-moment 

eye-movements, differed as a result of age and face race. This multidimensional approach 

allowed us to ask questions at various levels of analysis concerning infants’ face-

discrimination capabilities and the underlying attentional mechanisms. The 

habituation/test data demonstrated that both 4-6- and 10-12-month-old infants 

discriminated native and non-native race faces, despite the fact that the older infants 

should have exhibited reduced face-discrimination capabilities brought about by 

perceptual narrowing. The findings of successful discrimination from the 10-12-month-

olds differ from findings reported in the extant perceptual narrowing literature. The most 

likely reason for successful discrimination is that here the faces were dynamic and were 

accompanied by speech sounds. Critically, most of the studies to date on the other-race 

effect have presented static, silent faces, thus, suggesting that the other-race effect in 

infancy is partly an epiphenomenon of static, silent faces. Of course, this is not to deny its 

existence in adults where it is known to exist (Bothwell, Brigham, & Malpass, 1989; 

Sangrigoli, & De Schonen, 2004). Taken together, the findings suggest that the other-race 

effect is not a robust perceptual phenomenon during the first year of infancy and that 
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multisensory redundancy and motion cues can overcome the perceptual reorganization 

exhibited in unisensory perception. More broadly speaking, these findings suggest that 

the plasticity inherent to the developing brain is quite robust and can readily reorganize 

infants’ perceptual abilities in accordance with their sensory experiences.  

Further investigation into the allocation of infants’ visual attention during the 

face-discrimination task yielded interesting and novel results compared to the extent 

literature. Specifically, even though 4-6- and 10-12-month-old infants exhibited 

discrimination of native and non-native vocalizing faces, they went about it with 

drastically different profiles of visual attention. Eye-tracking AOI analyses indicated that 

4-6-month-old infants looked equally to the eyes, nose, or mouth whereas 10-12-month-

old infants focused more on the speaker’s mouth. These results are similar to those 

reported by Lewkowicz and Hansen-Tift (2012), who were the first to note a 

developmental shift in infants’ allocation of selective attention when viewing 

continuously talking faces, but those results were found during a free-viewing rather than 

a discrimination task. Thus, the current results are the first to illustrate selective attention 

also undergoes a shift in a face/voice discrimination tasks. Furthermore, the current 

findings show that the same overt behavior of discrimination occurs via different 

selective-attention patterns across development, suggesting that perceptual expertise, in 

conjunction with infants’ growing speech and language production, greatly affects their 

allocation of visual attention during face discrimination.  

Lastly, recurrence quantification analysis examined infants’ moment-to-moment 

eye-fixation dynamics by quantifying their eye fixation’s rate of recurrence, determinism, 

laminarity, and center of recurrence mass. Results indicated that as development 
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progressed, differences in the average temporal distance between recurrent fixations 

increased, with younger infants fixating and refixating on specific regions closer in time 

than older infants. The temporally separated recurrent fixations exhibited by the older 

infants is indicative of perceptual expertise (Anderson et al., 2013; Vaidyanathan et al., 

2014).  

These differences in proportion of looking, combined with differences in CORM 

values, provide a richer profile of the underlying attentional mechanisms that shape face 

expertise throughout the first year of life. Furthermore, the findings highlight that even 

though both age groups exhibited the same overt behavior of discrimination, they were 

doing it with very different attentional profiles. In sum, Experiment 1 revealed that 

younger infants do discriminate dynamic, vocalizing other-race faces. This is consistent 

with studies of discrimination of static, silent other-race faces. The surprising findings 

from the current study were that older infants, who no longer discriminate static and 

silent other-race faces, successfully discriminate them when they are dynamic and 

accompanied by speech sounds. 
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EXPERIMENT 2 –DISCRIMINATION OF OTHER-RACE,SILENT BUT DYNAMIC 

FACES

The successful discrimination of other-race faces obtained in the older age group 

in Experiment 1 could have been due either to motion cues, speech cues, or both. To 

investigate which of these cues might have mediated responsiveness, Experiment 2 was 

identical to Experiment 1 except infants were presented with silently articulating faces. It 

should be noted that motion cues alone do not provide the corresponding multisensory 

cues found in audiovisual speech and that motion cues have had mixed results in adult 

studies (Christie & Bruce, 1998; Lander & Bruce 2000; Lander & Chuang, 2005; O'Toole 

et al., 2002; Pike, Kemp, Towell, & Phillips, 1997). It is well known that audiovisual 

stimuli elicit greater attention from infants (Haith, Bergman & Moore, 1977; Tenenbaum 

et al., 2012), but there are no existing data as to whether or not face-motion cues alone 

will facilitate face discrimination in the same manner as motion in conjunction with 

multisensory speech cues. We hypothesized that the absence of audible speech cues 

would not affect younger infants’ face-discrimination abilities due to a broad perceptual 

tuning for all faces during the first half of the first year of life. We also hypothesized that 

the absence of audible speech cues would hinder older infants’ non-native face-

discrimination abilities but leave their native face-discrimination abilities unaffected. 

This hypothesis stemmed from the findings of Experiment 1 and the extant literature on 

the other-race effect in infancy, both of which suggest that a face specified concurrently 
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by corresponding auditory and visual cues is essential for discrimination of other-race 

faces once perceptual narrowing has occurred in infancy.  

METHOD 

Participants 

 We tested a total of 48 infants in Experiment 2, consisting of separate groups of 4-

6 month-olds (N = 24, 15 boys; M age = 20.20 weeks, range = 16.14 - 27.57 weeks) and 

10-12 month-olds (N = 24, 12 boys; M age = 48.04 weeks, range = 42.00 – 53.42 weeks).  

The same requirements used in Experiment 1 concerning birth weight and APGAR scores 

were applied to the current study. All infants were healthy at the time of testing and had 

no history of recent eye or ear infections. All infants again came from a Caucasian 

household and a questionnaire was administered to each mother regarding her baby’s 

exposure to non-Caucasian faces. An additional 4 infants were tested but were excluded 

from data analysis due to fussiness (n = 2), mixed racial background/non-native face 

exposure (n = 1), or health concerns such as recent eye or ear infections (n = 1).  

Stimuli and Apparatus 

The apparatus used in Experiment 2 was identical to Experiment 1. The stimulus 

materials again consisted of four different videos: a pre- and post-test segment of Winnie-

the-Pooh, an attention getter, and habituation and test videos. The habituation and test 

videos were exactly the same as those used in Experiment 1 except that the audio track 

was removed. The final stimuli consisted of four pairs, two native and two non-native, of 

silently articulating faces. 



 

 49 

Procedure 

 The test procedure was identical to the procedure used in Experiment 1 in every 

aspect, including habituation criteria and stimuli presentation. Eye-tracking data were 

again only later analyzed if infants successfully calibrated to at least four of the five 

points (94% of all infants) and a lookaway threshold of 1 s was again used throughout the 

study. 

RESULTS 

Analyses of Habituation/Test Performance 

 Analysis of habituation/test data again began with a preliminary outlier detection 

method designed to determine if any infants exhibited spontaneous regression to the 

mean during the first test trial. Looking time during the first test trial was analyzed 

separately for each age group and two infants were removed (one 4-6-month-old and one 

10-12-month-old) due to a z-score of + 2 standard deviations from their group mean; this 

left a total N = 46. Next, mean looking times for the two familiar and two novel trials 

were collapsed so that a single mean familiar looking time and mean novel looking time 

characterized infants’ attention during the test phase.  

A 2x2x2 mixed-factors, repeated-measures ANOVA was conducted on mean 

looking times for the combined familiar and combined novel test trials in order to 

determine if infants’ responsiveness was affected by the presentation of a novel face. The 

ANOVA included familiarity (familiar or novel) as a within-subjects factor and age (4-6 

or 10-12) and face race (Caucasian or Asian) as between-subjects factors. These results 

can be seen in Figures 9a and 9b. Results indicated no significant effect of familiarity, F 
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(1, 42) = 2.20, p = .146, ηp2 = .05, age, F (1,42) =0.35, p = .557, ηp2 < .00, nor race, F 

(1, 42) = 0.17, p = .684, ηp2 < .00, nor any significant interactions between familiarity 

and age, F (1, 42) = 1.60, p = .213, ηp2 < .04, familiarity and race, F (1, 42) = 1.47, p = 

.228, ηp2 < .03, nor age and race, F (1, 42) = 0.41, p = .528, ηp2 < .01. These results 

indicate that familiarity (familiar or novel), age, and race had no significant effect on 

infants’ response recovery. 

An additional 2x2x2x2 mixed factors, repeated measures ANOVA was conducted 

on mean looking times but this analysis included experiment as a between-subjects 

factor. The analysis was conducted to further investigate whether or not the positive 

findings from Experiment 1, and the negative findings of Experiment 2, were strictly the 

result of multisensory speech cues. Results indicated a significant effect of familiarity, F 

(1, 87) = 17.950, p < .001, ηp2 = .17, and a significant familiarity by experiment 

interaction, F (1, 87) = 4.570, p = .035, ηp2 = .05, but no significant effects of race, F (1, 

87) = 0.01, p = .917, ηp2 < .01, nor experiment, F (1, 87) = 0.81, p = .370, ηp2 = .01, nor 

any significant interactions between familiarity and age, F (1, 87) < 0.00, p = .942, ηp2 < 

.01, familiarity and race, F (1, 87) = 1.24, p = .268, ηp2 = .01, nor age and race, F (1, 87) 

= 0.12, p = .725, ηp2 < .01. There was, however a marginally significant familiarity by 

age by experiment interaction, F (1, 87) = 3.476, p = .066, ηp2 = .04. The significant 

effect of familiarity and the familiarity by experiment interaction indicates that the 

multisensory context significantly elicited different levels of response recovery. 

Furthermore, the marginally significant three-way interaction also partially suggests that 

the null results in Experiment 2 are due to the lack of audible speech cues. A significant 
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three-way interaction may be attainable if more data were collected, as it is well known 

that infant data contain a high degree of variance.  

 As in Experiment 1, to investigate our a priori hypothesis that younger infants 

would discriminate both native and non-native race faces and that older infants’ would 

only discriminate native-race faces, planned paired-samples t-tests were used to 

determine if there were any significant differences within specific experimental 

conditions. These results are indicated by asterisks in Figures 9a and 9b. The t-tests 

indicated that 4-6-month-olds did not exhibit response recovery when presented with 

novel Caucasian, t (10) = 0.22, p = .414 (one-tailed), Cohen’s D = 0.07, nor Asian, t (12) 

= 0.08, p = .471 (one-tailed), Cohen’s D = 0.03, faces. The paired-samples t-tests did 

indicate, however, that 10-12-month-olds exhibited response recovery when presented 

with novel Caucasian, t (12) = 2.09, p = .030 (one-tailed), Cohen’s D =  0.72, but not 

Asian t (10) = 0.57, p = .290 (one-tailed), Cohen’s D = 0.14, faces.  

An additional analysis that was not included in Experiment 1 was conducted to 

examine whether or not the lack of response recovery exhibited by 4-6-month-olds was 

the result of fatigue effects or a true lack of discrimination under the current experimental 

context. This analysis examined the differences in mean looking times between the 

familiar and novel test trials, but also included the mean looking time for the post-test 

segment of Winnie-the-Pooh. Since the segment of Winnie-the-Pooh constituted a novel 

video clip, infants’ were expected to exhibit response recovery during its presentation if 

fatigue effects were absent. A 3x2 mixed, repeated-measures ANOVA was conducted on 

4-6-month-olds’ mean looking times during presentation of the familiar, novel, and post-

test videos with trial type (familiar, novel, and post-test) as a within-subjects factor and 
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race (Caucasian or Asian) as between-subjects factors. This comparison indicated a 

significant main effect of trial type, F (2, 42) = 361.04, p < .001, ηp2 = .95, with 4-6-

month-olds exhibiting significant response recovery in the post-test trial (M = 50.33, SD 

= 9.44) but not between the familiar (M = 6.56, SD = 4.47) or novel trials (M = 6.71, SD 

= 5.20). These findings indicate that the 4-6-month-olds did not experience fatigue effects 

and that a lack of response recovery was due to a lack of discrimination.  

Given that infants’ discrimination abilities were disrupted within the unisensory 

context of Experiment 2 compared to the multisensory context of Experiment 1, we 

investigated whether the 4-6-month-olds in Experiment 2 failed to make a discrimination 

due to less overall attention relative to Experiment 1. To directly compare levels of 

general attention between Experiments 1 and 2, the total looking time during habituation, 

the number of habituation trials, and the average looking time per habituation trial were 

calculated and compared separately across the two experiments. We calculated the 

average looking time per habituation trial by dividing the total looking time during 

habituation by the number of habituation trials for each infant. This gave us three metrics 

by which to compare general attention levels during the habituation phase of Experiments 

1 and 2. We ran separate 2x2 ANOVAs on each metric with age (4-6 or 10-12) and 

experiment (1 or 2) as between-subjects factors. Race was again omitted due to a lack of 

effect in previous analyses and we did not believe it would affect general levels of 

attention across the two experiments.  

The analyses indicated no significant main effects for the three measures of: total 

looking during habituation, F (1, 91) = 1.05, p = .308, ηp2 = .01, number of habituation 

trials, F (1, 91) < .01, p = .961, ηp2 < .01, and looking time per habituation trial, F (1, 91) 
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= .51, p = .475, ηp2 < .01. These results indicate that infants paid equal amounts of 

attention across Experiments 1 and 2. Therefore, the 4-6-month-olds’ failure to 

discriminate native and non-native faces in Experiment 2 was most likely due to the 

absence of auditory speech information from these dynamic faces. 

 In sum, the data indicated that the 4-6-month-olds did not exhibit response 

recovery when presented with novel native and non-native faces and that the 10-12-

month-old infants only exhibited discrimination when presented with native-race faces. 

These findings indicate that 4-6-month-olds do not discriminate faces that are dynamic in 

the absence of corresponding audible speech cues. Moreover, they show that motion cues 

alone are not sufficient for 10-12-month-olds to overcome the perceptual reorganization 

brought about by the other-race effect. These results will be discussed in further detail 

following the AOI and RQA analyses.  

Eye-Tracking Analyses Based on AOIs 

 Eye-tracking data were again collected to investigate infants’ allocation of visual 

attention while performing a face-discrimination task, this time in the absence of audible 

speech. The same AOIs were used and demarcation of each AOI was identical to 

Experiment 1. 

 We chose to ask three main questions that could be answered with these eye-

tracking data, 1) where did infants allocate their attention during the first three 

habituation trials, i.e., when they were first exposed to and learning these native and non-

native faces in silence, 2) was the proportion of looking to each face AOI affected by 
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speaker race, 3) did the proportion of looking to each region of the face change as a 

function of sound between Experiments 1 and 2?   

Data Cleaning  

As in Experiment 1, each age group’s raw looking times across the whole 

experiment were cleaned using the boxplot method of outlier detection as described by 

Cohen, Cohen, West and Aiken (2002). The boxplot method identified one 4-6-month-

old infant and one 10-12-month-old infant whose raw looking time across the whole 

experiment exceeded 1.5*IQR above the 3rd quartile. Furthermore, data from two 4-6-

month-olds and one 10-12-month-old were removed due to a total captured looking time 

under 2 s. Additionally, three infants failed to calibrate to at least four of the five points 

prior to the experiment and therefore did not contribute usable eye-tracking data; these 

infants, however, still contributed usable habituation/test data in the previous section. 

Therefore, a total of eight infants, two identified as outliers, three that failed to meet the 2 

s. minimum looking criteria, and three that failed to calibrate were subsequently removed 

and excluded from AOI analyses, leaving a total N = 41 (4-6-month-olds N = 19, 10-12-

month-olds N = 22).  

Data Derivation and Analysis 

We again began by calculating each infant’s proportion-of-total-looking time 

(PTLT) scores for each AOI (Eyes, Nose, and Mouth) using the same method described 

in Experiment 1. We began by examining infants’ allocation of attention towards the face 

AOIs during the first three habituation trials, the results of which can be seen in Figures 

10a and 10b. A 3x2x2 mixed ANOVA was conducted on infants’ PTLT scores with AOI 

(eyes, nose, and mouth) as the within-subjects factor and age (4-6- or 10-12) and race 
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(Caucasian or Asian) as the between-subjects factors. The ANOVA yielded a marginally 

significant effect of AOI, F (2, 36) = 3.09, p = .058, ηp2 = .15, and a significant AOI by 

age interaction, F (2, 36) = 6.53, p = .004, ηp2 = .27, but no main effects of age, F (1, 37) 

= 1.32, p = .258, ηp2 = .03, or race, F (2, 36) = 0.83, p = .369, ηp2 = .02, and no 

interactions between AOI and race, F (2, 36) = 0.06, p = .946, ηp2 < .01, nor age and 

race, F (1, 37) = 0.87, p = .358, ηp2 = .02. These results indicated that infants were 

systematically allocating their attention to different regions of the speaker’s face across 

age but that race again had no effect. 

To investigate the marginally significant main effect of AOI and the significant 

AOI x Age interaction, as well as to examine our a priori hypothesis that infants’ fixation 

patterns would change over the course of development, paired-samples t-tests were 

performed on the PTLT scores of each AOI, these results are indicated by asterisks in 

Figures 10a and 10b. The paired-samples t-tests performed on PTLT scores from the 

Caucasian conditions indicated that 4-6-month-olds exhibited no significant differences 

in looking between the eye and nose regions, t (8) = 0.16, p = .437 (one-tailed), Cohen’s 

D = 0.10, eyes and mouth regions, t (8) = 0.36, p = .363 (one-tailed), Cohen’s D = 0.21, 

or nose and mouth regions, t (8) = 0.62, p = .276 (one-tailed), Cohen’s D = 0.32. 

Furthermore, there were no significant differences in proportion of looking for the 10-12-

month-olds between the eye and nose regions, t (11) = 0.34, p = .372 (one-tailed), 

Cohen’s D = 0.15, but there were significant differences between the eye and mouth 

regions, t (11) = 4.59, p < .001 (one-tailed), Cohen’s D = 2.23, and the nose and mouth 

regions, t (11) = 5.25, p < .001 (one-tailed), Cohen’s D = 2.48. 
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 Paired-samples t-tests performed on PTLT scores for the Asian conditions also 

indicated that 4-6-month-olds exhibited marginally significant differences in looking 

between the eye and nose regions, t (9) = 1.41, p = .097 (one-tailed), Cohen’s D = 0.70, 

but not between the eye and mouth regions, t (9) = 0.89, p = .200 (one-tailed), Cohen’s D 

= 0.50, or nose and mouth regions, t (9) = 0.36, p = .370 (one-tailed), Cohen’s D = 0.14. 

Additionally, there were no significant differences for the 10-12-month-olds between the 

eye and nose regions, t (9) = 0.98, p = .177 (one-tailed), Cohen’s D = 0.45, but a 

significant difference was found between the eye and mouth regions, t (9) = 2.82, p = 

.010 (one-tailed), Cohen’s D = 1.50, as well as a marginally significant difference 

between the nose and mouth regions, t (9) = 1.67, p = .065 (one-tailed), Cohen’s D = 

0.98.  

In sum, these results indicate that the 4-6-month-olds did not significantly allocate 

their attention to one region over another but that the 10-12-month-olds focused their 

attention significantly more on the mouth, regardless of whether or not the face was 

Caucasian or Asian. These results replicate the AOI findings of Experiment 1.  

To test our a priori hypothesis that race would affect infants’ fixation patterns, 

independent-samples t-tests were performed on the PTLT scores of each AOI as a 

function of stimulus race. Recall that Experiment 1 indicated no significant differences 

between AOI regions with the exception of 10-12-month-olds, who exhibited greater 

allocation of attention to the mouth of non-native speakers than native speakers. These 

results can be seen in Figure 11. The independent-samples t-test performed on 4-6-

month-olds’ PTLT scores in the current study yielded no significant results between 

AOIs as a function of race for the eyes, t (17) = 0.36, p = .360 (one-tailed), Cohen’s D = 
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0.17, a marginally significant difference for the nose, t (17) = 1.35, p = .098 (one-tailed), 

Cohen’s D = 0.61, and no significant difference for the mouth, t (17) = 0.21, p = .417 

(one-tailed), Cohen’s D = 0.10. Furthermore, the independent-samples t-test performed 

on 10-12-month-olds’ PTLT scores did not yield significant differences in proportion of 

looking to AOIs as a function of race for the eyes, t (20) = 0.76, p = .228 (one-tailed), 

Cohen’s D = 0.32, nose, t (20) = 0.75, p = .232 (one-tailed), Cohen’s D = 0.31, or mouth, 

t (20) = 0.13, p = .451 (one-tailed), Cohen’s D = 0.05. These results indicate that infants 

fixated equally between the eye, nose, and mouth regions as a function of speaker race at 

both points in development while viewing silently talking faces.  

To investigate the function of sound and whether or not it significantly affected 

infants’ allocation of visual attention, we examined AOI results from both Experiments 1 

and 2. These results can be seen in Figure 12. We repeated the previous ANOVA with 

AOI (eyes, nose, mouth) as the within-subjects factor but added the between-subjects 

factor of experiment (1 or 2) to the existing factors of age (4-6- or 10-12) and race 

(Caucasian or Asian), creating a 3x2x2x2 mixed, repeated-measures ANOVA. Again, we 

found a main effect of AOI, F (2, 81) = 10.04, p < .001, ηp2 = .20, age, F (1, 82) = 5.55, 

p = .021, ηp2 = .06, an AOI by age interaction, F (2, 81) = 10.00, p < .001, ηp2 = .20, and 

a marginally significant interaction between age and race, F (1, 82) = 2.80, p = .098, ηp2 

= .03, but no significant main effects of experiment, F (1, 82) = 0.13, p = .718, ηp2 < .01, 

nor race, F (1, 82) = 0.23, p = .632, ηp2 < .01, and no interactions between AOI and race, 

F (2, 81) = 0.373, p = .689, ηp2 < .01, AOI and experiment, F (2, 81) = 0.841, p = .435, 

ηp2 = .02, nor between age and experiment, F (1, 82) = 0.34, p = .564, ηp2 < .01. These 
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results indicate that infants did not alter their selective attention to face-specific regions 

as a function of sound between the two experiments. 

The AOI results described above now answer our three main questions, 1) where 

did infants allocate their attention during the first three habituation trials, i.e., when they 

were first exposed to and learning native and non-native faces in silence, 2) was the 

proportion of looking to each AOI affected by speaker race, and 3) did the proportion of 

looking to each region of the face change as a function of sound between Experiments 1 

and 2? Question one was answered by the within-race comparisons seen in Figures 10a 

and 10b, the results of which indicate that younger infants again fixated on all three face 

regions equally when learning/encoding native- and non-native race faces whereas older 

infants fixated on the mouth in greater proportion regardless of race. These results 

replicate the findings of Experiment 1. Question two was answered by the between-race 

AOI analyses, the results of which indicated that infants fixate on the same AOIs in equal 

proportion when viewing native or non-native race faces. These results also replicate the 

findings of Experiment 1 with the exception that 10-12-month-old infants in the current 

experiment looked equally to the mouth of both native and non-native faces. These 

results can be seen in Figure 11. Question three was answered by comparing PTLT scores 

between Experiments 1 and 2, the results of which indicated that the presence of sound 

had no effect on infants’ allocation of attention to each of the three AOIs. These results 

can be seen in Figure 12.  

Temporal Characteristics of Fixations via Recurrence Quantification Analysis 

We again examined the measures of recurrence, determinism, laminarity, and 

center of recurrence mass to gain a deeper understanding of infants’ moment-to-moment 
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temporal dynamics when viewing silently articulating faces. We again used fixations 

from the first three trials of the habituation phase to derive our recurrence measures 

because infants’ attention were at their highest during this section of the experiment.  

Data Derivation and Cleaning 

We used identical procedures to Experiment 1 to derive the data for the RQA 

analysis. Data from four participants were removed as a result of this procedure, three 4-

6-month-olds and one 10-12-month-old.  

The recurrence measures were entered into separate one-way ANOVAs with age 

(4-6 or 10-12) as the between-subjects factor. All RQA measures satisfied Levene’s test 

of homogeneity of variances and became normally distributed once outliers were 

removed. The RQA measures of recurrence, determinism, and center of recurrence mass 

did not yield any significant main effects, F (1,34) = 1.15, p = .290, ηp2 = .03, F (1,34) = 

0.74, p = .396, ηp2 = .02, and F (1,34) = 0.31, p = .580, ηp2 < .01, respectively. 

Laminarity, however, did yield a significant effect in the current context, F (1,34) = 7.68, 

p = .009, ηp2 = .18, with laminarity values being higher for the 10-12-month olds (M = 

29.92, SD = 10.56) than for the 4-6-month-olds (M = 20.37, SD = 9.63). These results 

can be seen in Figure 13. These results do not directly replicate those found in 

Experiment 1 and indicate that older, 10-12-month-old, infants in the current experiment 

refixated their attention on previously scanned areas to a greater degree than the younger, 

4-6-month-old, infants. This type of behavior, similar to the high CORM values in 

Experiment 1, is consistent with perceptual expertise (Anderson et al., 2013; 

Vaidyanathan et al., 2014). In conjunction with the AOI data, these results indicate that 

10-12-month-olds in the current study initially fixated on the mouth region and then 
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tended to rescan this area as time unfolded. The higher laminarity values exhibited by 

older infants in the current experiment also indicate that this age group tended to execute 

clusters of consecutive recurrent fixations when constructing their fixation chains, 

significantly more so than the younger, 4-6-month-old, infants. 

As with the habituation/test and AOI data, RQA measures from Experiments 1 

and 2 were compared. Significant results can be seen in Figures 14 and 15. Separate one-

way ANOVAs were conducted for each RQA measure by age with experiment (1 or 2) as 

the between-subjects factor. Race was not used as a between-subjects factor because we 

wanted to strengthen statistical power as much as possible and this factor was not found 

to be statistically significant in any of the previous habituation/test or AOI analyses.  

The measure of recurrence indicated no significant main effect of experiment for 

the 4-6- or 10-12-month-olds, F (1, 34) = .35, p = .556, ηp2 = .01, and F (1, 37) = .879, p 

= .355, ηp2 = .02, respectively. The measure of determinism also indicated no significant 

main effect of experiment for the 4-6- or 10-12- month olds, F (1, 34) = 2.49, p = .124, 

ηp2 = .07, and F (1, 37) = 1.75, p = .194, ηp2 = .05, respectively. The measure of 

laminarity, however, indicated a significant main effect of experiment for the 4-6-month-

olds, F (1, 34) = 9.56, p = .004, ηp2 = .22, with laminarity being higher in Experiment 1 

(M = 32.08, SD = 12.19) than in Experiment 2 (M = 20.37, SD = 9.63), but indicated no 

significant main effect of experiment for the 10-12-month-olds, F (1, 37) = 1.46, p = 

.235, ηp2 = .04. Finally, the measure of center of recurrence mass indicated a significant 

main effect of experiment for the 4-6-month-olds, F (1,34) = 5.443,p = .026, ηp2 = .14, 

with CORM values being higher in Experiment 2 (M = 34.04, SD = 3.55) than in 
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Experiment 1 (M = 31.77, SD = 2.29), but indicated no significant main effect for the 10-

12-month-olds, F (1, 37) =0.01, p = .920, ηp2 < .01.  

The differences in laminarity and center of recurrence mass observed for the 4-6-

month-olds between Experiments 1 and 2 indicate a few telling characteristics regarding 

their moment-to-moment fixations between unisensory and multisensory contexts. First, 

the higher laminarity values observed in 4-6-month-olds’ fixations during Experiment 1 

indicate that these infants, while exposed to a multisensory context, were statistically 

more likely to fixate on an area and then refixate on that same area. Even though this 

difference was not reflected in the AOI analyses, this tendency to fixate and then refixate 

on an area of interest within the multisensory context containing speech cues may have 

yielded the successful discrimination behavior exhibited by 4-6-month-olds in this 

context as opposed to the silent one. Higher laminarity scores within the linguistic 

multisensory context is indicative of perceptual expertise, which is a logical conclusion 

given 4-6-month-olds have more day-to-day interaction with multisensory talking faces 

than silently talking ones. Additionally, the higher CORM values exhibited by 4-6-

month-olds’ in the unisensory context indicate that their refixations were more separated 

in time than their refixations in a multisensory context. These results can be interpreted as 

4-6-month-olds’ greater global scanning of the unisensory stimuli, where longer fixation 

chains were constructed in order to scan more of the stimulus before returning to an area 

of interest. 

 In sum, RQA measures for the 4-6-month-olds indicate that eye-movement 

fixations were affected by the change in contexts on a micro-level, and that infants of this 

age group were more likely to closely inspect the linguistic multisensory stimuli with 
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fixations that were close in time to one another. These temporal differences in fixation 

and refixation patterns may have yielded the differences in face discrimination, as 

measured by habituation/test data, between the two contexts. The older infants, however, 

exhibited no differences in moment-to-moment fixations between multisensory and 

unisensory contexts, which indicate that their lack of discrimination for non-native faces 

was likely due to the unisensory perceptual reorganization brought about by perceptual 

narrowing. 

DISCUSSION 

 Experiment 2 sought to extend the findings of Experiment 1 by examining the 

role of face-motion cues within a unisensory context. As in Experiment 1, Experiment 2 

took a multidimensional approach and inspected infants’ habituation/dishabituation 

behavior, AOI fixation data, and moment-to-moment fixations using RQA analysis. The 

habituation/dishabituation data demonstrated that dynamic but silently articulating faces 

disrupted 4-6-month-olds’ discrimination abilities for both native and non-native faces 

but only did so for non-native faces for the 10-12-month-olds’. This disruption was not 

due to a lack of attention in the unisensory context due to the fact that general levels of 

attention were consistent throughout both experiments. The AOI analyses indicated that 

4-6-month-old infants fixated equally between the eyes, nose, and mouth regions but that 

10-12-month-olds fixated significantly more on the mouth. The AOI results of 

Experiment 2 mirror those of Experiment 1 and proportion of total looking was again not 

affected by speaker race in the unisensory context.  

The puzzling aspect of these findings is that even though infants’ gross allocation 

of attention was found to be the same between Experiments 1 and 2, younger infants 
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failed to discriminate native and non-native faces, and older infants failed to discriminate 

non-native faces. Recurrence quantification measures indicated two metrics of 4-6-

month-olds’ eye-fixations that were significantly different between the multisensory 

context of Experiment 1 and the unisensory context of Experiment 2. These results 

indicated that laminarity and center of recurrence mass were significantly disrupted 

between Experiments 1 and 2, but only for 4-6-month-olds, and that these differences 

included eye-movement behavior that was characteristic of in-depth repeated scanning in 

the multisensory context. Such differences are likely intertwined and perhaps a causal 

component of the successful face-discrimination exhibited by the 4-6-month-olds in 

Experiment 1 but not in Experiment 2. Furthermore, recurrence measures indicated no 

differences for the 10-12-month-olds between audiovisual contexts and, in combination 

with consistent AOI data, indicate that attention was not disrupted for this age group 

between multisensory and unisensory contexts. With these results in mind, it is likely that 

4-6-month-olds did not discriminate native and non-native faces within the unisensory 

context of Experiment 2 due to a disruption of their micro-level attention. The older 10-

12-month-olds’, however, most likely did not perform face discrimination of non-native 

faces in Experiment 2 as the result of experience-dependent perceptual narrowing, i.e, the 

other-race effect, a characteristic that is typical of infants at this point in development and 

one that multisensory redundancy cues were able to overcome in Experiment 1. 

The results of Experiment 2 extend those of Experiment 1 but do not support 

previous research on the other-race effect in infancy. Specifically, the finding that 4-6-

month-olds in the current experiment did not discriminate novel native and non-native 

faces is quite surprising given the abundant amount of research demonstrating that infants 
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of the same age successfully discriminate static black and white photographs on a number 

of different tasks (Bar-Haim et al., 2006; Hayden et al., 2009; Kelly et al., 2005; Kelly et 

al., 2007; Sangrigoli, & De Schonen, 2004). Furthermore, even though the role of motion 

and its facilitative effect on face recognition are mixed (Lander & Bruce, 2000; Lander & 

Chuang, 2005; O'Toole et al., 2002; Pike, Kemp, Towell, & Phillips, 1997; Xiao et al., 

2014; Xiao, Quinn, Liu, Ge, Pascalis, & Lee, 2015), it is surprising that discrimination 

abilities were disrupted within the unisensory context of Experiment 2 for infants of both 

age groups. Therefore, it can be concluded that a talking face’s corresponding audiovisual 

speech signal greatly facilitates discrimination of native and non-native faces. It is 

interesting that the only attentional difference between audiovisual contexts captured by 

the eye-tracking data was at the level of moment-to-moment fixations and not proportion 

of total looking, indicating that these attentional differences can be quite subtle.  

What might have caused such subtle disruptions of 4-6-month-olds’ attention? 

They may have resulted from viewing what are typically multisensory stimuli within a 

unisensory context. In other words, articulating faces are usually multisensory stimuli 

and, as a result, viewing them within a unisensory context may have violated 4-6-month-

olds’ perceptual expectations. This scenario seems likely given that previous research has 

demonstrated that 5-month-old infants form expectations regarding the typical 

communicative signals inherent to faces (Vouloumanos, Druhen, Hauser, & Huizink, 

2009) and that they spontaneously match single-syllable vocalizations (Kuhl & Meltzoff, 

1982; Patterson & Werker, 1999; Patterson & Werker, 2003). Furthermore, by finding 

higher laminarity values for 4-6-month-olds in the multisensory context of Experiment 1, 

it is likely that their visual attention in Experiment 2 was subtly disrupted by the missing 
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audible speech cues that typically accompany talking faces and may have diverted their 

attention away from the face-discrimination task. Previous studies investigating the role 

of unisensory face-motion cues during a discrimination task would not have addressed 

infants’ perceptual expectations of co-occurring audiovisual speech because they 

examined motion cues that were not specific to speech production, e.g., gross head 

movement or chewing and smiling, and thus do not apply to the current context (Liu et 

al., 2011; Xiao et al., 2014). It is known, however, that disruptions of the audiovisual 

speech signal inherent to talking faces, such as audio-visual asynchrony, significantly 

alters infants’ allocation of attention during a free-viewing task (Hillairet de Boisferon, 

Tift, Minar, & Lewkowicz, in press) and that infants readily alter their selective attention 

to stimulus characteristics as early as 14-weeks (3.5 months) of age (Hunnius & Geuze, 

2004).  
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EXPERIMENT 3 –DISCRIMINATION OF OTHER-RACE DYNAMIC FACES 

ACCOMPANIED BY ARBITRARY SOUNDS

Experiment 1 demonstrated that the other-race effect is not an all-or-none 

phenomenon. When 10-12 month-old infants are exposed to vocalizing, dynamic faces, 

they can successfully discriminate them. Experiment 2 confirmed that the successful 

discrimination obtained at the older age depended on concurrent auditory vocalizations 

but they also provided surprising results in indicating that the younger infants no longer 

discriminated silently vocalizing other-race faces. This latter finding was interpreted as 

perhaps reflecting a violation of 4-6-month-olds’ expectation that the dynamic faces 

should have been accompanied by a vocalization. Interestingly, however, Experiment 2 

demonstrated that the 10-12-month-olds still successfully discriminated native-race faces 

but not non-native ones. These findings suggest that accompanying vocalizations are 

essential for overcoming experience-dependent perceptual narrowing. Therefore, it can 

be concluded that audiovisual redundancy is needed for 4-6- and 10-12-month-olds to 

discriminate native and non-native faces when they are presented as fully dynamic and 

articulating.  

One of the questions that the current findings raise, however, is whether 

discrimination facilitation was due to the speech-like quality of the auditory component 

of the vocalizing faces or whether discrimination can be facilitated by any type of 

auditory stimulation. For example, it is well known in the adult literature that congruent 

audio-visual information greatly boosts learning and memory for object pairs due to a 
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priori expectations that visual objects usually correspond to specific types of sounds 

(Lehmann & Murray, 2005; Von Kriegstein & Giraud, 2006). To examine this question, 

Experiment 3 investigated whether the accompanying auditory stimulus must be a speech 

sound and, therefore, consistent with a priori expectations regarding talking faces, or 

whether any type of sound is sufficient. Thus, Experiment 3 presented infants with the 

same articulating faces but accompanied by synchronous, computer-generated sounds. 

Based on the results of Experiment 2, as well as the results of Vouloumanos et al. (2009), 

it was hypothesized that 4-6-month-olds would not discriminate native and non-native 

faces within a non-linguistic multisensory context because they failed to do so when 

perceptual expectations were violated previously in Experiment 2. Additionally, it was 

hypothesized that 10-12-month-olds, as in Experiment 2, would perform successful 

discrimination of native-race faces despite the lack of accompanying speech cues. It is 

unknown, however, whether or not the arbitrary sound might facilitate 10-12-month-olds’ 

discrimination of non-native faces. 

METHOD 

Participants 

 A total of 49 infants were tested in Experiment 3, consisting of separate groups of 

4-6 month-olds (N = 25, 15 boys; M age = 20.20 weeks, range = 16.14 - 27.57 weeks) and 

10-12 month-olds (N = 24, 15 boys; M age = 49.28 weeks, range = 42.42 – 53.28 weeks). 

The same requirements used in Experiments 1 and 2 concerning birth weight and 

APGAR scores were applied to the current study. All infants were healthy at the time of 

testing and had no history of recent eye or ear infections. All infants classified as 

Caucasian and a questionnaire was administered to each mother regarding her baby’s 
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exposure to non-Caucasian faces; the same selection criteria from Experiments 1 and 2 

were applied to the current study. An additional 10 infants were tested but were excluded 

from data analysis due to fussiness (n = 3), mixed racial background/non-native face 

exposure (n = 6), or health concerns such as recent eye or ear infections (N = 1). 

Stimuli and Apparatus 

 The same apparatus that was used in Experiments 1 and 2 was used to present all 

test material. The stimulus materials again consisted of four different videos: a pre- and 

post-test segment of Winnie-the-Pooh, an attention getter, and habituation and test 

videos. The habituation and test videos were identical to those used in Experiments 1 and 

2 except that the audio track consisted of a computer-generated “boing” sound that was 

created and modified using Adobe Audition CS6 software. The duration of the computer-

generated sound was within the range of the vocal utterance used in Experiment 1 (.65 s) 

and was synchronized to the visual onset of the speakers’ mouth articulation using Adobe 

Premiere Pro. The final stimuli yielded two native and two non-native pairs of 

articulating faces accompanied by a synchronous computer-generated sound. All stimuli 

were again presented at 65dB. 

Procedure 

  The test procedure was identical to that in Experiments 1 and 2. Eye-tracking 

data were again only later analyzed if infants successfully calibrated to at least four of the 

five points (92% of all infants) and a lookaway threshold of 1 s was used throughout the 

study. 
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RESULTS 

Analyses of Habituation/Test Performance 

Analysis of habituation/test data again began with a preliminary outlier detection 

method designed to determine if any infants exhibited spontaneous regression to the 

mean during the first test trial. Looking time during the first habituation trial was 

analyzed separately for each age group and four infants were removed (three 4-6-month-

old and one 10-12-month-old) due to a z-score of + 2 standard deviations from their 

group mean; this left a total N = 45. Next, mean looking times for the two familiar and 

two novel trials were collapsed so that a single mean familiar looking time and mean 

novel looking time characterized infants’ attention during the test phase. A 2x2x2 mixed 

ANOVA was conducted on mean looking times for the combined familiar and combined 

novel test trials in order to determine if infants’ responsiveness was affected by the 

presentation of a novel face. These results can be seen in Figures 16a and 16b. The 

ANOVA included familiarity (familiar or novel) as a within-subjects factor and age (4-6 

or 10-12) and face race (Caucasian or Asian) as between-subjects factors. Results 

indicated a significant main effect of familiarity, F (1, 41) = 11.29, p = .002, ηp2 = .22, 

but no main effects of age, F (1,41) =1.88, p = 0.178, ηp2 = .04, nor race, F (1, 41) = 

0.01, p = .914, ηp2 < .01, and also no significant interactions between familiarity and age, 

F (1, 41) = 2.73, p = .106, ηp2 = .062, familiarity and race, F (1, 41) = 0.20, p = .661, ηp2 

< .01, nor age and race, F (1, 41) = 1.86, p = .180, ηp2 = .043. These results indicate that 

familiarity (familiar or novel) had a significant effect on infants’ looking behavior but 

age and race did not.  
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To investigate these effects, and to test our a priori hypothesis that younger 

infants would exhibited response recovery when presented with the novel faces but that 

older infants would not when presented with non-native-race faces, planned paired-

samples t-test were used to determine where these differences occurred. Significant 

results are marked with an asterisk in Figures 16a and 16b. The t-tests indicated that 4-6-

month-olds exhibited response recovery when presented with novel Caucasian, t (10) = 

2.29, p = .002 (one-tailed), Cohen’s D = 0.83, and Asian, t (10) = 1.85, p = .047 (one-

tailed), Cohen’s D = 0.77, faces. Furthermore, the paired-samples t-tests indicated that 

10-12-month-olds also exhibited response recovery when presented with novel Caucasian 

faces, t (11) = 3.00, p = .006 (one-tailed), Cohen’s D = 0.49, but not novel Asian faces, t 

(10) = 1.13, p = .144 (one-tailed), Cohen’s D = 0.42.  

In sum, the habituation/test data indicate that 4-6-month-olds exhibited response 

recovery when presented with novel Caucasian and novel Asian faces but that the 10-12-

month-olds only did so when presented with novel Caucasian faces. These results 

demonstrate that accompanying auditory stimulation enables 4-6-month-olds to 

discriminate native and non-native faces but that it does not facilitate discrimination of 

non-native-race faces in 10-12-month-olds. These results indicate that multisensory 

information must consist of audiovisual speech information for 10-12-month-olds to 

overcome the other-race-effect.  

Eye-Tracking Analyses Based on AOIs 

 Eye-tracking data were collected in the same manner as in Experiments 1 and 2 to 

investigate selective attention when infants were presented with dynamically articulating 

faces accompanied by non-speech cues. 
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We chose to ask three main questions that could be answered by these eye-

tracking data: 1) where did infants allocate their attention during the first three 

habituation trials, i.e., when they were first exposed to these faces within a non-linguistic, 

multisensory context, 2) was the proportion of looking to each face AOI affected by 

speaker race, and 3) did the proportion of looking to each face region change as a 

function of linguistic content between Experiments 1 and 3? 

Data Cleaning  

 The boxplot method identified two 4-6-month-old infants whose raw looking time 

across the whole experiment exceeded 1.5*IQR above the 3rd quartile. Furthermore, data 

from two 4-6-month-olds and one 10-12-month-old were removed due to a total captured 

looking time of under 2 s. Five infants also failed to calibrate to at least four of the five 

points prior to the experiment and therefore did not contribute usable eye-tracking data. 

Therefore, a total of eleven infants, three identified as outliers by the boxplot method, 

three that failed to meet the 2 s. minimum looking criteria, and five that failed to calibrate 

were subsequently removed and excluded from AOI analyses, leaving a total N = 38 (4-

6-month-olds N = 19, 10-12-month-olds N = 20). 

Data Derivation and Analysis 

 We again calculated each infant’s proportion-of-total-looking time (PTLT) scores 

to each AOI (Eyes, Nose, and Mouth) in the same manner as in Experiments 1 and 2. We 

again used the PTLT scores for each AOI during the first three habituation trials. A 

3x2x2 way repeated-measures ANOVA was conducted on infants’ PTLT scores during 

the first three habituation trials with AOI (eyes, nose, and mouth) as the within-subjects 

factor and age (4-6- or 10-12) and race (Caucasian or Asian) as between-subjects factors. 
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These results can be seen in Figures 17a and 17b. The ANOVA yielded a significant 

main effect of AOI, F (2, 33) = 8.31, p = .001, ηp2 = .34, and a marginally significant 

main effect of age, F (1, 34) = 3.51, p = .070, ηp2 = .09, as well as a significant AOI by 

age interaction, F (2, 33) = 9.10, p = .001, ηp2 = .36. The ANOVA indicated no main 

effect of race, F (1, 34) = 1.21, p = .279, ηp2 = .03, and no interactions between AOI and 

race, F (2, 33) = 0.89, p = .420, ηp2 = .05, nor age and race, F (1, 34) = 1.39, p = .247, 

ηp2 = .04. These results indicate that infants were systematically allocating their attention 

to different regions of the speaker’s face as a result of age but not of race.  

To investigate the significant main effect of AOI and the significant AOI x Age 

interaction, as well as to examine our a priori hypothesis that infants’ fixation patterns 

would change over the course of development and that fixation patterns for non-native 

faces would differ from native-race faces, paired-samples t-tests were performed on the 

PTLT scores of each AOI, significant results are indicated by asterisks in Figures 17a and 

17b. The t-tests performed on PTLT scores from the Caucasian conditions indicated that 

4-6-month-olds exhibited no significant differences in looking between the eye and nose 

regions, t (6) = 0.53, p = .308 (one-tailed), Cohen’s D = 0.37, eyes and mouth regions, t 

(6) = 0.37, p = .362 (one-tailed), Cohen’s D = 0.21, or nose and mouth regions, t (6) = 

0.28, p = .396 (one-tailed), Cohen’s D = 0.16. Additionally, there were no significant 

differences in proportion of looking for the 10-12-month-olds between the eye and nose 

regions, t (11) = 0.30, p = .386 (one-tailed), Cohen’s D = 0.10, but there were significant 

differences between the eye and mouth regions, t (11) = 3.25, p = .004 (one-tailed), 

Cohen’s D = 1.74, and the nose and mouth regions, t (11) = 4.14, p = .001 (one-tailed), 

Cohen’s D = 1.85.  
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Furthermore, the t-tests performed on PTLT scores from the Asian conditions 

indicated that 4-6-month-olds exhibited no significant differences in looking between the 

eye and nose regions, t (8) = 0.32, p = .381 (one-tailed), Cohen’s D = 0.20, eyes and 

mouth regions, t (8) = 0.04, p = .484 (one-tailed), Cohen’s D = 0.02, or nose and mouth 

regions, t (8) = 0.44, p = .337 (one-tailed), Cohen’s D = 0.21. There were, however, 

significant differences for the 10-12-month-olds between the eye and nose regions, t (9) = 

3.92, p = .002 (one-tailed), Cohen’s D = 1.02, the eye and mouth regions, t (9) = 5.21, p < 

.001 (one-tailed), Cohen’s D = 2.96, and the nose and mouth regions, t (9) = 3.85, p = 

.002 (one-tailed), Cohen’s D = 2.28.  

In sum, the results for the 4-6-month-olds replicate those found in Experiments 1 

and 2 and indicate that these infants did not systematically allocate their attention in favor 

of one region over another. Additionally, the results for the 10-12-month-olds also 

replicate those from Experiments 1 and 2 and demonstrate that these infants focused their 

attention significantly more on the mouth region, regardless of whether the faces were 

native or non-native.  

 To test our a priori hypothesis that race would affect infants’ fixation patterns, 

independent-samples t-tests were performed on the PTLT scores of each AOI as a 

function of speaker race. These results can be seen in Figure 18. Recall that Experiments 

1 and 2 indicated no significant differences, with the exception that Experiment 1 found 

10-12-month-olds exhibited greater attention to the mouth of non-native faces compared 

to native ones. The independent-samples t-test performed on 4-6-month-olds’ PTLT 

scores in the current study yielded no significant differences between AOIs as a function 

of race for the eyes, t (14) = 0.55, p = .297 (one-tailed), Cohen’s D = 0.29, nose, t (14) = 
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0.61, p = .277 (one-tailed), Cohen’s D = 0.32, or mouth, t (14) = .17, p = .461 (one-

tailed), Cohen’s D = 0.09. Furthermore, the independent-samples t-test performed on 10-

12-month-olds’ PTLT scores did not yield significant differences in proportion of looking 

to AOI’s as a function of race for the eyes, t (20) = 1.14, p = .133 (one-tailed), Cohen’s D 

= 0.50, nose, t (20) = 0.73, p = .238 (one-tailed), Cohen’s D = 0.30, or mouth, t (20) = 

1.33, p = .100 (one-tailed), Cohen’s D = 0.57. These results demonstrate that infants’ 

allocation of attention was not affected by speaker race at either point in development.  

To investigate whether speech per se affected responsiveness, we examined the 

AOI results from Experiments 1 and 3 together. We conducted a 3x2x2x2 mixed, 

repeated-measures ANOVA with AOI (eyes, nose, and mouth) as the within-subjects 

factor and the between-subjects factors of experiment (1 or 2), age (4-6- or 10-12) and 

race (Caucasian or Asian). We again found a significant main effect of AOI, F (2, 76) = 

15.43, p < .001, ηp2 = .29, age, F (1, 77) = 6.47, p = .013, ηp2 = .08, a significant 

interaction between AOI and age, F (2, 76) = 11.68, p < .001, ηp2 = .24, and a marginally 

significant interaction between age and race interaction, F (1, 77) = 3.41, p = .069, ηp2 = 

.04. The ANOVA, however, did not yield any significant main effects of experiment, F 

(1, 77) = 1.15, p = .287, ηp2 = .02, race, F (1, 77) = 0.39, p = .287, ηp2 < .01, nor any 

interactions between AOI and race, F (2, 76) = 0.56, p = .571, ηp2 = .02, AOI and 

experiment, F (2, 76) = 0.30, p = .740, ηp2 < .01, nor age and experiment, F (1, 77) = 

0.24, p = .628, ηp2 < .01. These results indicate that infants did not alter their selective 

attention as a function of speech content between Experiments 1 and 3. 

AOI data from Experiment 3 and those from Experiment 2 were also compared, 

allowing direct comparisons between the visual allocation of attention between 
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unisensory and non-speech multisensory contexts. We hypothesized that significant 

differences were unlikely given the finding that visual attention did not differ between 

faces containing dynamic, speech-cues and dynamic, non-speech cues. Another 3x2x2x2 

mixed, repeated-measures ANOVA was conducted with AOI (eyes, nose, and mouth) as 

the within-subjects factor and the between-subjects factors of experiment (2 or 3), age (4-

6- or 10-12) and race (Caucasian or Asian). These results can be seen in Figure 19. We 

again found a main effect of AOI, F (2, 72) = 11.26, p < .001, ηp2 = .24, age, F (1, 73) = 

4.86, p = .031, ηp2 = .06, and significant interactions between AOI and age, F (2, 72) = 

16.27, p < .001, ηp2 = .31, but no significant main effects of experiment, F (1, 73) =0.62, 

p = .432, ηp2 < .01, nor race, F (1, 73) = 0.01, p = .918, ηp2 < .01, and no significant 

interactions between age and race, F (1, 73) = 1.77, p = .187, ηp2 = .02, AOI and race, F 

(2, 72) = 0.31, p = .732, ηp2 < .01, AOI and experiment, F (2, 72) = 0.72, p = .491, ηp2 = 

.02, nor age and experiment, F (1, 73) = 0.02, p = .900, ηp2 < .01.  

The AOI results described above now answer our three main questions: 1) where 

did infants allocate their attention during the first three habituation trials, i.e., when they 

were first exposed to these faces within a non-linguistic, multisensory context, 2) was the 

proportion of looking to each face AOI affected by speaker race, 3) did the proportion of 

looking to each region of the face change as a function of linguistic content between 

Experiments 1 and 3? Question one was answered by the within-race comparisons seen in 

Figures 17a and 17b, the results of which indicated that younger infants fixated on all 

three AOIs equally when learning/encoding native- and non-native faces and that older 

infants fixated in significantly greater proportion on the mouth regardless of race. These 

results replicate the findings of Experiments 1 and 2. Question two was answered by the 
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between-race AOI analyses and is summarized in Figure 18, the results of which 

indicated that infants fixated on AOIs in equal proportion when viewing native or non-

native-race faces in the non-linguistic multisensory context. The finding that infants 

allocated their attention to each face AOI equally as a function of race replicates the 

results of Experiments 1 and 2. Question three was answered by comparing PTLT scores 

between Experiments 1, 2, and 3, the results of which indicated that the audio signal’s 

speech content had no effect on infants’ overall allocation of attention to each of the three 

face AOIs. These results can be seen in Figure 19.   

Temporal Characteristics of Fixations via Recurrence Quantification Analysis 

We again examined the measures of recurrence, determinism, laminarity, and 

center of recurrence mass using the same procedure as in Experiments 1 and 2.  

Data Derivation and Cleaning 

 The same RQA procedures used in Experiments 1 and 2 were used in the current 

experiment. Data from seven participants were removed as a result of this procedure, four 

4-6-month-olds and three 10-12-month-olds.  

Recurrence measures were entered into separate one-way ANOVA’s with age (4-

6 or 10-12) as the between-subjects factor. Significant results can be seen in Figures 20, 

21, and 22. Significant main effects of age were found for the RQA measures of: 

recurrence, F (1,27) = 11.83, p = .002, ηp2 = .31, with recurrence values being higher for 

10-12-month-olds (M = 21.71, SD = 4.82) than the 4-6-month-olds (M = 14.79, SD = 

5.93), determinism, F (1,27) = 9.63, p = .004, ηp2 = .26, with determinism values being 

higher for 10-12-month-olds (M = 25.23, SD = 5.73) than the 4-6-month-olds (M = 
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18.42, SD = 5.73) and laminarity, F (1,27) = 5.98, p = .021, ηp2 = .18, with laminarity 

values being higher for 10-12-month-olds (M = 29.38, SD = 7.94) than the 4-6-month-

olds (M = 22.09, SD = 7.53), but not for center of recurrence mass, F (1,27) =0.43, p = 

.519, ηp2 = .02. These results do not replicate those found in Experiment 1 and only 

partially replicate those of Experiment 2, indicating that older infants in the current 

experiment exhibited a higher rate of recurrence and that their attention returned to 

previously scanned areas with a greater degree of local and global regularity as time 

unfolded. In conjunction with the AOI data, these results indicate that 10-12-month-olds 

in the current study again initially fixated on the mouth region and then tended to 

regularly rescan this area in detail as time went on.  

As with the habituation/test and AOI data, the difference between Experiments 1 

and 3 was examined using RQA measures, allowing for differences in moment-to-

moment eye-movement behavior to be inspected between speech and non-speech 

multisensory contexts. We again ran separate one-way ANOVAs for each RQA measure 

by age with experiment (1 or 2) as the between-subjects factor. Levene’s test of 

homogeneity was violated for 4-6-month-olds when examining the RQA measure of 

center of recurrence mass and for 10-12-month-olds when examining the RQA measure 

of recurrence; these tests were rerun using Welch tests. Significant results can be seen in 

Figures 23, 24, 25 and 26. 

The measure of recurrence indicated a marginally significant main effect of 

experiment for the 4-6-month-olds, F (1, 30) = 3.38, p = .076, ηp2 = .10, with rate of 

recurrence being higher in Experiment 1 (M = 19.78, SD = 7.87) than in Experiment 3 

(M = 14.80, SD = 5.94), but no significant effect for the 10-12-month-olds, Welch’s F (1, 
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27.27) = .78, p = .386. The measure of determinism indicated a significant main effect of 

experiment for the 4-6-month olds, F (1, 30) = 7.29, p = .011, ηp2 = .20, with 

determinism scores being higher in Experiment 1 (M = 26.71, SD = 9.25) than in 

Experiment 3 (M = 18.43, SD = 5.74), but no significant main effect for the 10-12-

month-olds, F (1, 34) = 1.26, p = .270, ηp2 = .04. The measure of laminarity indicated a 

significant main effect of experiment for the 4-6-month-olds, F (1, 30) = 6.12, p = .019, 

ηp2 = .17, with laminarity being higher in Experiment 1 (M = 32.09, SD = 12.19) than in 

Experiment 3 (M = 22.09, SD = 7.52), but no significant main effect of experiment for 

the 10-12-month-olds, F (1, 37) = 2.50, p = .123, ηp2 = .07. Finally, the measure of 

center of recurrence mass indicated a significant main effect of experiment for the 4-6-

month-olds, Welch’s F (1,29.92) = 7.22, p = .012, with CORM values being higher in 

Experiment 3 (M = 33.45, SD = 1.24) than in Experiment 1 (M = 31.77, SD = 2.29), but 

did not indicate a significant main effect for the 10-12-month-olds, F (1, 34) =1.92, p = 

.498, ηp2 = .49.  

The significant differences in determinism, laminarity, and center of recurrence 

mass between 4-6-month-olds’ fixations in Experiments 1 and 3 indicate that the 

presence of speech influenced their moment-to-moment attention, but not in a way that 

disrupted face discrimination. The results indicate that 4-6-month-olds’ fixations within a 

non-speech multisensory context were less locally deterministic and tended to revisit 

previously scanned areas to a lesser degree when compared to a speech context, where 

they demonstrated more regularity in their eye gaze. The RQA measures calculated for 

the older age group, however, indicate that the non-speech context of Experiment 3 did 

not disrupt 10-12-month-old infants’ moment-to-moment fixations when compared to the 
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speech context of Experiment 1. Taken together, the recurrence measures indicate that 

only younger infants’ moment-to-moment eye fixations were affected by speech and that 

this age group exhibited closer inspection of stimulus features when the faces were 

accompanied by speech. Furthermore, these data suggest that 10-12-month-olds lack of 

discrimination in the non-speech context was not due to a disruption of their micro-level 

attention but rather point to the perceptual reorganization brought about via perceptual 

narrowing. 

DISCUSSION  

 Experiment 3 extended the findings of Experiments 1 and 2 by examining the role 

of speech in face discrimination by presenting a non-speech stimulus together with a 

dynamic face. The habituation/test data demonstrated that 4-6-month-olds’ successfully 

discriminated faces when they were paired with a non-speech auditory stimulus but that 

10-12-month-olds did not, but only when viewing non-native faces. The AOI analyses 

once again indicated that 4-6-month-old infants fixated equally between the eyes, nose, 

and mouth regions while the 10-12-month-olds fixated significantly more on the mouth; 

this proportion of total looking was again not affected by speaker race. Additionally, 

recurrence quantification measures indicated three metrics of infants’ moment-to-moment 

eye-fixations that were significantly different as a function of age within the non-speech 

context of Experiment 3, indicating that 10-12-month-olds’ eye fixations tended to be 

more recurrent, exhibited greater local determinism, and that they closely inspected 

previously scanned areas to a greater degree than the 4-6-month-olds. The RQA results of 

the current study, as well as Experiments 1 and 2, are consistent with attention patterns 

indicative of growing perceptual expertise (Anderson et al., 2013; Vaidyanathan et al., 
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2014) and make sense given infants’ perceptual history with faces by the end of the first 

year of life. When examining RQA measures across audiovisual contexts, however, 

results indicated that 4-6-month-olds’ exhibited fixations that were higher in local 

determinism and laminarity while simultaneously lower in center of recurrence mass 

during Experiment 1 compared to Experiment 3. These results indicate that 4-6-month-

olds’ fixations were more local, less random, and tended to refixate on previously 

scanned areas to a greater extent in the speech context of Experiment 1 than during the 

non-speech context of Experiment 3. 

The findings of Experiment 3 are telling of infants’ perceptual abilities during 

face discrimination in a few novel ways. First, the habituation data indicate that only 

multisensory speech cues facilitate other-race face discrimination in 10-12-month-olds 

and that this effect is not replicated by the presence of non-speech cues. Second, the AOI 

findings indicated that each age group exhibited their own unique pattern of visual 

attention towards faces across all three experiments and that this pattern was not 

disrupted by the audiovisual content of each context, even though discrimination abilities 

were. This is a novel finding, not because it indicates that young infants differentially 

allocate their attention directed at talking faces during the first year of life, which was 

first demonstrated by Lewkowicz and Hansen-Tift (2012), but that this allocation of 

attention does not significantly change across audiovisual contexts, even though 

discrimination abilities do. Finally, it is also interesting that 10-12-month-olds’ exhibited 

consistent moment-to-moment fixation characteristics across Experiments 1, 2, and 3, 

even though discrimination was uniform in these conditions. With the AOI and RQA 

results in mind, it is likely that 10-12-month-olds’ lack of discrimination of non-native 
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faces in Experiment 3 was the result of experience-dependent perceptual narrowing 

typical of infants at this point in development.  

The results of Experiment 3 extend those of Experiment 1 and contribute to the 

existing literature on the other-race effect in infancy, particularly with regard to the 

plasticity of the phenomenon’s effects. Specifically, the finding that non-speech, auditory 

cues do not facilitate face discrimination in 10-12-month-olds in a similar manner that 

speech cues do. This result is somewhat surprising given the abundance of research 

demonstrating infants’ increased levels of learning and attention on other multisensory 

tasks (Bahrick & Licklitter, 2000; Frank, Slemmer, Marcus, & Johnson, 2009; 

Lewkowicz, 2004; Lewkowicz & Hansen-Tift, 2012). These findings are, however, 

consistent with literature on the other-race effect in infancy (Bar-Haim et al., 2006; 

Hayden et al., 2009; Kelly et al., 2005; Kelly et al., 2007; Sangrigoli, & De Schonen, 

2004). Therefore, it can be concluded that the multisensory speech inherent to a talking 

face greatly facilitates face discrimination in infants that have already undergone 

perceptual narrowing and that this is not replicated by any arbitrary multisensory signal.  

It is puzzling that 4-6-month-olds discriminated native and non-native novel faces 

within the multisensory contexts of Experiments 1 and 3, but failed to do so within the 

unisensory context of Experiment 2. If the notion that failure to discriminate in 

Experiment 2 was due to a violation of their perceptual expectations is true, the results of 

Experiment 3 only strengthen this notion. Specifically, if 4-6 month-old infants expect an 

auditory signal to accompany the talking faces, their expectations would not have been 

violated within the context of Experiment 3, and thus restored their attention to face 

discrimination. It can be argued that because infants do not narrow and become native-
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language experts until later in the first year of development (Lewkowicz et al., 2015; 

Pons et al., 2009; Werker & Tees, 1984) the fact that the auditory signal contained non-

speech cues in Experiment 3 did not significantly deter their attention from face 

discrimination. This suggests that younger infants’ face-discrimination abilities are not 

disrupted within a non-speech multisensory context, possibly because this context, while 

arbitrary in its audible component, satisfies their perceptual expectations regarding fully 

dynamic, articulating faces.  

In sum, Experiment 3 demonstrated that non-speech multisensory cues do not 

facilitate non-native face discrimination in older infants, but also that these cues do not 

disrupt 4-6-month-olds face-discrimination abilities. These results indicate that the 

multisensory redundancy inherent to human speech is needed to facilitate non-native face 

discrimination at 10-12-months of age. Infants’ global allocation of visual attention was 

identical to those seen in other multisensory and unisensory contexts and only the 4-6-

month-olds’ moment-to-moment fixations differed as a result of this context.
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GENERAL DISCUSSION

This study investigated the role of multisensory redundancy and its effect on 4-6- 

and 10-12-month-olds’ face-discrimination abilities across three experiments. Experiment 

1 demonstrated that both 4-6- and 10-12-month-old infants make native and non-native 

face discriminations when presented with dynamic, vocalizing faces. Eye-tracking 

analyses for Experiment 1 revealed that the younger infants made these discriminations 

by allocating their attention equally between the eyes, nose, and mouth regions while 

older infants focused predominantly on the mouth. Furthermore, the results indicated that 

race played no effect in the allocation of attention. Additionally, older infants exhibited 

recurrent fixation patterns that were more separated in time, a finding that is indicative 

increased perceptual expertise.  

Experiments 2 and 3 investigated the contribution of audible speech to 

discrimination and separately examined the role of face motion and speech input on 

discrimination. Experiment 2 showed that 4-6-month-olds’ did not discriminate native or 

non-native faces when they were dynamic and silently articulating. In contrast, 10-12-

month-olds continued to discriminate native-race faces but not non-native faces. Eye-

tracking analyses indicated the same overall gross allocation of visual attention as in 

Experiment 1 and that 4-6-month-olds’ eye-movement fixations were significantly less 

indicative of in-depth and repeated scanning compared to older infants and other 4-6-

month-olds in Experiment 1. These results indicate that 4-6-month-olds’ attention was 

subtly disrupted, in a manner that was not reflected in gross proportion of total looking. 
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Experiment 3 demonstrated that 4-6-month-olds’ discrimination abilities were restored 

when presented with dynamic faces accompanied by non-speech cues and that they 

successfully discriminated native and non-native faces in this context. The 10-12-month-

olds, however, only successfully discriminated native-race faces under these conditions. 

Eye-tracking analyses revealed that 4-6-month-olds again allocated their attention equally 

between the eyes, nose, and mouth while 10-12-month-olds focused primarily on the 

mouth. Furthermore, 4-6-month-olds’ eye fixations were significantly less deterministic 

and less indicative of in-depth, repeated scanning compared to 10-12-month-olds in the 

same experiment and 4-6-month-olds in Experiment 1. 

Multisensory Speech Redundancy  

The fact that speech-related multisensory redundancy facilitated older infants’ 

response to other-race faces and enabled them to overcome the effects of perceptual 

narrowing is interesting in view of extant literature on infants’ response to multisensory 

redundancy (Bahrick & Licklitter, 2000; Bahrick et al., 2004; Frank et al., 2009; Haith, 

Bergman & Moore, 1977; Lewkowicz, 2004; Lewkowicz & Kraebel, 2004; Lewkowicz 

& Hansen-Tift, 2012; Tenenbaum et al., 2012) and adds new insight to the literature on 

the other-race effect and the context in which it exists (Bar-Haim et al., 2006; Hayden et 

al., 2009; Kelly et al., 2005; Kelly et al., 2007; Sangrigoli, & De Schonen, 2004). In 

addition, the current findings from the older infants indicate that the other-race effect 

reported in infancy (Bar-Haim et al., 2006; Hayden et al., 2009; Kelly et al., 2005; Kelly 

et al., 2007; Sangrigoli, & De Schonen, 2004) does not represent an immutable and 

irreversible developmental phenomenon. This conclusion is consistent with previous 

reports that repeated exposure or training can reverse the effects of initial perceptual 
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narrowing in the face-processing domain (Pascalis et al., 2005; Scott & Monesson, 2009). 

(Pascalis et al., 2005; Scott & Monesson, 2009). The current findings are the first to 

demonstrate that infants who have already undergone perceptual narrowing can 

discriminate other-race faces when they are contain multisensory redundancy. Eye-

tracking analyses revealed that even though discrimination was consistent between the 

two age groups in Experiment 1, the two age groups employed different attentional 

strategies, both in terms of proportion of total looking and moment-to-moment fixations. 

These differences in the allocation of visual attention mirror those of Lewkowicz and 

Hansen-Tift (2012) in that older infants focused their attention more on the mouth. Of 

course, this finding raises interesting questions about face discrimination. Specifically, if 

the older infants focused more on the mouth then how did they manage to differentiate 

between the other-race faces given that the auditory information did not provide any 

clues to the difference between the familiar and novel faces. Presumably, they were able 

to extract facial features via peripheral visual attentional mechanisms.  

The current study extends previous work due to its extensive investigation of 

attentional patterns across age within the context of face-discrimination and demonstrates 

that the mechanisms of face discrimination change across development. In sum, two key 

findings contribute to the other-race literature: 1) that the mechanisms of face 

discrimination, within terms of gross allocation as well as micro-level attentional 

patterns, are different across development and across stimulus contexts and, 2) that these 

patterns are more or less stable regardless of whether faces are of a native or non-native 

race. The first finding contributes to the literature because other researchers have not 

investigated how selective attentional strategies contribute to discrimination across the 
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first year of life. These findings, especially those of RQA analysis, demonstrate the 

progression of infants’ micro-level attention towards that of expert perceivers by the end 

of the first year of life (Anderson et al., 2013; Vaidyanathan et al., 2014). The second 

point only partially supports the findings of Xiao et al. (2013), who demonstrated that 

perceptually narrowed infants tend to focus on the eyes of same-race faces and also on 

the mouth of other-race faces. Our findings do not fully replicate those of Xiao et al. 

(2013) but these can be explained by procedural differences in that Xiao et al. contained 

only silently articulating faces within a free-viewing context.  

Our finding that silently articulating faces do not provide adequate cues for 10-12-

month-olds to overcome the effects of perceptual narrowing is consistent with previous 

research on the other-race effect and are only strengthened by the eye-tracking results 

that this age group exhibited no differences in visual attention between experiments. 

Taken together, this suggests that their attention was not affected by each experiment’s 

audiovisual context and that their lack of discrimination was indeed due to the effects of 

perceptual narrowing.  

The non-speech multisensory context of Experiment 3 offered a unique 

opportunity to directly investigate the contribution of audible speech cues present in 

Experiment 1. These results are unique considering that multiple hypotheses were 

warranted with regard to the older infants’ discrimination abilities. A particularly 

interesting finding is that the non-speech context of Experiment 3 restored 4-6-month-

olds’ face discrimination abilities even though the multisensory context did not contain 

speech information. These findings, in conjunction with those of Vouloumanos et al. 

(2009), lend support to the notion that 4-6-month olds’ perceptual expectations were 
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violated in Experiment 2. These expectations, however, do not appear to be rigid because 

infants of this age group are not yet native language experts and still discriminated faces 

when presented with accompanying non-speech cues. This limit imposed upon 4-6-

month-olds’ perceptual expectations is logical given that infants of this age group are 

sensitive to the audiovisual coherence of simple syllables (Kuhl & Meltzoff, 1982; 

Patterson & Werker, 1999; Patterson & Werker, 2003) but are not expert in the extraction 

of multisensory coherence (Lewkowicz, Minar, Tift, & Brandon, 2015) or the amodal 

identity (Lewkowicz & Pons, 2012) of their native language. 

The multisensory context of Experiment 3 appeared to be more salient for the 10-

12-month-olds, however, because the non-speech cues did not facilitate other-race 

discrimination. The reweighting of attentional cues in specific tasks is nothing novel in 

the development literature, as Lewkowicz (2000a; 2000b) showed that infants attend to 

different audio-visual attributes when presented with talking faces or rhythmic patterns at 

different ages. In the current set of studies, we demonstrated that the importance of 

multisensory speech-cues is also reweighted throughout development during a face-

discrimination task. Specifically, the co-occurring speech that accompanies talking faces 

appears to be more perceptually relevant to face discrimination later in development. This 

is demonstrated by the findings that younger, 4-6-month-olds’ discrimination was not 

disrupted when presented with speech or non-speech cues but that 10-12-month-olds 

required speech cues to discriminate both native and non-native faces. This is reasonable 

given that low-level multisensory cues are more perceptually important early in 

development (Dodd, 1979; Lewkowicz, 2000b; Lewkowicz & Kraebel, 2004) and that 

infants begin to attend to increasingly complex aspects of faces and voices with 
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development (Lewkowicz & Pons, 2012; Vouloumanos, Druhen, Hauser, & Huizink, 

2009; Walker-Andrews, 1986; Walker-Andrews et al. 1991). 

The Multisensory Other-Race Effect 

The current study suggests that, even by the end of the first year of life, when 

perceptual narrowing has had its major effects, the perceptual system retains a good deal 

of its initial plasticity. Previous studies have provided evidence of lingering plasticity in 

the unisensory face-processing domain (Pascalis et al., 2005; Scott & Monesson, 2009) 

and the current study has demonstrated that this plasticity is sufficient to overcome the 

experience-dependent effects of perceptual narrowing. These results force us to 

reevaluate the all-or-nothing notion of the other-race effect and acknowledge that the 

typical sensory inputs we receive from our environment allow for optimal perception 

within that environment. Additionally, it is possible that unisensory and multisensory 

perceptual narrowing processes are differentially influenced by perceptual experience, 

which again speaks to the plasticity inherent in the developing brain. This notion again 

reminds us that faces are not unisensory, but multisensory objects with multisensory 

identities (Schweinberger et al., 2007) and that our perceptual systems become attuned to 

these qualities through a lifetime of experience. The generalized auditory facilitation 

effect that we found early in infancy and the speech-specific facilitation effect that we 

found later in infancy suggest that early experience contributes to the emergence of 

perceptual expertise and that infants’ ability to process other-race faces following 

perceptual narrowing is more plastic than previously thought. 

Future research should begin by taking an approach that accounts for the unique 

face/voice pairings not present in the current set of experiments in order to examine if 
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perceptual narrowing impacts multisensory information at the individual-level. For 

example, one could examine the development of infants’ discrimination of other-race 

faces when the faces contain unique face/voice, or face/sound, pairings. Even though face 

discriminations could be based on auditory information in such a context, it is likely that 

the perceptual reorganization brought about by the other-race effect would be completely 

abolished and may even improve as perceptual experience is acquired. Another question 

that merits investigation is how the extraction of multisensory coherence is affected when 

infants are presented with non-native faces and non-native voices. Recall that Lewkowicz 

et al. (2015) examined whether or not infants could extract the multisensory coherence of 

non-native speech, but this was only for faces that were of the infant’s native race and did 

not include faces of other races. It is necessary to examine infants’ ability to extract 

multisensory equivalence when the faces and voices are both of a non-native race, going 

beyond the mere question of discrimination presented in the current study. 

Conclusion 

The current study examined the other-race effect and whether concurrent speech 

information can facilitate discrimination of other-race faces in infants who have 

undergone perceptual narrowing. The results show that the other-race effect is not a 

robust phenomenon and that the plasticity inherent in the developing brain is sufficient to 

overcome the effects of perceptual narrowing. These results suggest that early experience 

contributes to the emergence of perceptual expertise. Further research is needed to 

investigate how infants’ progressing sensitivity to multisensory relations interacts with 

the regressing effects of perceptual narrowing and whether or not these effects are rigid 

when presented in contexts containing multisensory redundancy.
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Figure 1.  Final face pairs chosen for Experiments 1, 2 and 3. Each face pair was 

controlled along the dimensions of attractiveness and distinctiveness. Photo by Nicholas 

James Minar, 2015. 

  

Caucasian Face pair 1 

Caucasian Face pair 2 

Asian Face pair 1 
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Figure 2a. Mean looking times for Experiment 1 separated by age (Caucasian faces). 

Significant differences are marked with an asterisk. 
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Figure 2b. Mean looking times for Experiment 1 separated by age (Asian faces). 

Significant differences are marked with an asterisk.   
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Figure 3. Example of a Caucasian and Asian face with eye, nose, and mouth AOIs 

overlaid. AOI’s were crafted to be as close in size as possible between faces and were 

created according to the specifications outlined in Lewkowicz & Hansen-Tift (2012) and 

Xiao et al. (2013). Photo by Nicholas James Minar, 2015. 
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Figure 4a. Mean proportion of total looking time by age for each AOI during the first 

three habituation trials of Experiment 1 (Caucasian faces). Significant results are marked 

with an asterisk. 
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Figure 4b. Mean proportion of total looking time by age for each AOI during the first 

three habituation trials of Experiment 1 (Asian faces). Significant results are marked with 

an asterisk. 
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Figure 5. Mean PTLT scores for each face region by age and race during the first three 

habituation trials of Experiment 1. Significant differences are marked with an asterisk.  
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Figure 6. Mean PTLT scores for each face region by familiarity during the test phase of 

Experiment 1. Significant differences are marked with an asterisk.  
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Figure 7. Recurrence plots generated for a randomly selected 4-month-old (left panel) 

and a randomly selected 12-month-old (right panel) with a distance threshold of 32 

pixels.  
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Figure 8. Mean CORM values during the habituation phase of Experiment 1. Significant 

differences are marked with an asterisk.   

 

  

* 



 

 100 

 

Figure 9a. Mean looking times for Experiment 2 separated by age (Caucasian faces). 

Significant differences are marked with an asterisk.  
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Figure 9b. Mean looking times for Experiment 2 separated by age (Asian faces). 

Significant differences are marked with an asterisk.  
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Figure 10a. Mean proportion of total looking time by age for each AOI during the first 

three habituation trials of Experiment 2 (Caucasian faces). Significant results are marked 

with an asterisk.  
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Figure 10b. Mean proportion of total looking time by age for each AOI during the first 

three habituation trials of Experiment 2 (Asian faces). Significant results are marked with 

an asterisk and marginally significant differences are marked with a dollar sign.  
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Figure 11. Mean PTLT scores by age and race for each AOI during the first three 

habituation trials of Experiment 2. 
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Figure 12. Mean PTLT scores by age and experiment for each AOI during the first three 

habituation trials of Experiments 1 and 2. Age was collapsed due to a lack of a race main 

effect. 
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Figure 13. Mean laminarity scores by age for Experiment 2. Significant differences are 

marked with an asterisk.   
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Figure 14. Mean laminarity scores by age across Experiments 1 and 2. Significant 

differences are marked with an asterisk.   
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 Figure 15. Mean center of recurrence mass values by age across Experiments 1 and 2. 

Significant differences are marked with an asterisk.  
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Figure 16a. Mean looking times for Experiment 3 separated by age (Caucasian faces). 

Significant differences are marked with an asterisk. 
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Figure 16b. Mean looking times for Experiment 3 separated by age (Asian faces). 

Significant differences are marked with an asterisk. 
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Figure 17a. Mean proportion of total looking time by age for each AOI during the first 

three habituation trials of Experiment 3 (Caucasian faces). Significant results are marked 

with an asterisk. 
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Figure 17b. Mean proportion of total looking time by age for each AOI during the first 

three habituation trials of Experiment 3 (Asian faces). Significant results are marked with 

an asterisk. 
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Figure 18. Mean proportion of total looking time by age for each AOI by race during the 

first three habituation trials of Experiment 3. Significant differences are marked with an 

asterisk. 
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Figure 19. Mean proportion of total looking time during the first three habituation trials 

to each AOI separated by age and experiment. Significant results are marked with an 

asterisk. 
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Figure 20. Mean recurrence scores separated by age for Experiment 3. Significant results 

are marked with an asterisk. 
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Figure 21. Mean determinism scores separated by age for Experiment 3. Significant 

results are marked with an asterisk.  
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Figure 22. Mean laminarity scores separated by age for Experiment 3. Significant results 

are marked with an asterisk. 
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Figure 23. Mean rate of recurrence by age across Experiments 1 and 3. Marginally 

significant differences are marked with a dollar sign. 
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Figure 24. Mean determinism scores by age across Experiments 1 and 3. Significant 

differences are marked with an asterisk. 
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Figure 25. Mean laminarity scores by age across Experiments 1 and 3. Significant 

differences are marked with an asterisk. 
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Figure 26. Mean center of recurrence mass scores by age across Experiments 1 and 3. 

Significant differences are marked with an asterisk. 
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