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Most objects and events present a mix of visual, audi-
tory. tactile, and olfactory stimulation simultaneously.
How do young infants come to perceive and derive
meating from this array of multimodal stimulation?
How do young infants determine which sights and
i01nds constitute unitary objects and events and which
patietns of stimulation are unrelated to one another?

Historically, two prevailing theoretical views, known
as the integration view and the differentiation view,
have dominated attempts to address these important
(uestions regarding the development of intersensory
Peittption (see Bahrick & Pickens, 1994; Gibson & Pick,
2I00: Lewkowicz, 1994). Generally speaking, the inte-
£14110% view proposes that the different sensory modali-
ties linction as separate sensory systems during the ini-
tial “tages of postnatal development and gradually
““ne integrated during the course of development
"‘_"‘ "gh the infant’s activity and repeated experience
with Concurrent information provided to the different
150%y modalities (Birch & Lefford, 1963; Friedes,
1974; Piaget, 1952). According to this view, young organ-
H1% Thust learn to coordinate and integrate the separate
SISES during early development. The differentiation view
that the different senses form a primitive unity
n development, and as the infant develops, the sen-
*UTY "hodalities differentiate from one another. In this
viEw; ‘he senses are initially unified, and infants differen-
"¢ Mner and more complex multimodal relationships
rolgh their experience over the course of develop-
MERT  Bower, 1974; Gibson, 1969; Marks, 1978).

A5 4 result of these opposing views, the most promi-
pii question guiding behavioral research on early
""“"ensory development over the past several decades

has .
5 f5cused on whether intersensory development

] J o ele
Proces o from initially separate senses that become
mcrea

singly integrated through the infant’s ongoing

[y

holds

earlyi

experience, eventually resulting in coordinated multi-
modal perception, or whether the development of
intersensory perception is a process of differentiation
and increasing specificity (Kellman & Arterberry, 1998;
Lewkowicz & Lickli»ter, 1994a; Rose & Ruff, 1987).

In recent years the discussion has become less polar-
ized, due in large part to the adoption of a more systems-
based approach to the development of perception, ac-
cording to which any given perceptual skill or ability is
generated 'by a network of multiple, cocontributing
neural, physiological, and behavioral factors (Gottlieb,
Wahlsten, & Lickliter, 1998; Lewkowicz, 2000; Lickliter
& Bahrick, 2000; Thelen & Smith, 1994). Although
some controversy remains as to whether perceptual de-
velopment proceeds from a wholistic unity to differenti-
ated sensory modalities or from separated senses to co-
ordinated multimodal experience (i.e., Bushnell, 1994;
Maurer, 1993), the dominant view at present argues
against an all-or-none dichotomy between integration
and differentiation views of perceptual development.
The increasing research focus on the processes and
mechanisms underlying human and animal infant in--
tersensory perception over the past several decades has
provided mounting evidence that the separate senses
are not so separate, highlighting the importance of dif-
ferentiation in early development. Moreover, both dif-
ferentiation and integration processes appear to be in-
volved in perceptual development and function in an
intercoordinated manner. In this chapter, we briefly
review converging evidence across species, developmen-
tal periods, and properties of objects and events sug-
gesting a general developmental trajectory in which dif-
ferentiation of amodal and modality-specific stimulus
properties emerges in a coordinated and interdepen-
dent manner, with the detection of more global, amodal
stimulus properties leading and constraining perceptual
responsiveness to more specific properties of objects
and events.
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Infant perception of multimodal information

There is now compelling neural, electrophysiological,
and behavioral evidence of strong intermodal linkages in
newborns and young of a variety of avian and mam-
malian species, including humans (e.g., Carlsen &
Lickliter, 1999; Frost, 1990; King & Carlile, 1993;
Knudsen & Brainard, 1991, 1995; Lewkowicz &
Turkewitz, 1981; Lickliter & Banker, 1994; Mellon,
Kraemer, & Spear, 1991; Stein & Meredith, 1993;
Withington-Wray, Binns, & Keating, 1990). For example,
infant animals have been shown to be more sensitive to
intersensory correspondences than older animals in a
classical conditioning learning paradigm (Spear &
McKinzie, 1994). Animal and human infants also
demonstrate an array of intermodal perceptual skills in
the weeks and months following birth, including the de-
tection of temporal and spatial contiguity between audi-
tory and visual stimulation, the detection of multimodal
information specifying the self and body motion, and in-
tersensory facilitation, in which stimulation in one
modality enhances responsiveness to stimuli in other
modalities (Lickliter & Stoumbos, 1991; Lyons-Ruth,
1977; Morrongiello, Fenwick, & Chance, 1998; Rochat,
1995; Spelke, 1979; Turkewitz & Mellon, 1989).

Of particular interest is the fact that human infants
have been shown to be skilled perceivers of amodal stim-
ulus properties in the first several months following
birth (Bahrick, 1988, 1992; Bahrick, Flom, & Lickliter,
2002; Bahrick & Lickliter, 2000; Bahrick & Pickens,
1994; Lewkowicz, 2000; Walker-Andrews, 1986, 1997).
Amodal stimulus properties are those that can be con-
veyed by more than one sensory modality, whereas
modality-specific properties can only be conveyed by
one particular sensory modality. Thus, temporal syn-
chrony, spatial collocation, intensity, rate, duration, and
rhythm are all examples of amodal stimulus properties
that can be specified simultaneously by several sensory
modalities. They stand in contrast to modality-specific
stimulus properties, which can only be conveyed by one
particular sensory modality, such as color, pitch, or
sweetness. As a case in point, the sights and sounds of
hands clapping share temporal synchrony, a common
tempo of action, and a common rhythm. The amodal
properties of synchrony, tempo, and rhythm are thus
concurrently available both visually and acoustically.
Detection of this information enables the infant to per-
ceive sights and sounds that belong together. Given that
the role of integration has often been seen to link to-
gether separate sensations to form a unified percept
(Piaget, 1952; von Helmbholtz, 1968), infants’ ready de-
tection of amodal stimulus properties makes the need
for intersensory integration unnecessary and unlikely.
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Aliarge body ot developmental research 'I|i|i?.m_1_: 'm[-‘,lm
habituanion techmgues has demonstrated tha infangs
anr: .|(|E']H il |:l|"||‘_'l'\l\.'ll:l"-_:I .|||.|! |I"‘-illIr!l'l'i]'|';._l\I L] 1Y |”:'b| |,]f
amoddal relatons unttng stnmubiion across vistial, audi-
tory, vestibular, twtile, and proprioceptive stimulation
in the hest months following birth (see Gibson & Pick,
00k Lewkowice & Lickliter, 1949 |..l. [or reviews), This
early detection of amadal informanon pros i”““”l’PHI'L
for the view that development proceeds from g H"-'Jllmi
wnity of the senses to increasing differentation of iner
levels ol stmulauon {(see Bahrick, 20001 i kliter &
Pahrick, 20000, Tor further discossion),

Ointhe other o, ifanes can also detect perceptual
information thar s not soneodal o the months |'i.ﬂlnw'|ug
birth. Infants clearly hecome more skilled m ‘I{‘-“-'Uillg
intersensory relaions that are |||<ul;ilih'-\'|wc'i|idi or arhi-
ey i their co-occurrence over the course of the firsi
vear ol lile (Bahrick, 1994, 2000 Bushnell, 1994
Lewkowice, 1994}, Many relations between stimufus
properties conveved concurrently 1o dilferent modali-
ties arearbiteary in the sense that they are non lI]‘Ii[f"rlh}'
redundant information common across the different
sensory maodalities and thus can vary as a lunetion of
context or stimulus domain. Feo example, the relaton
hetween the appearance of an object and the verhal
label we give it, or that between a person’s appearance
andl the spectfic sound of hus or her voice, or that be-
tween the type of sound a particular oy prodoces and
its color and shape are cases alarbitrary pairings of con-
current stimulation across two or more sensory maodali-
tes, Given that there s no common information that
links the specific characteristics of stimulation pre-
sented o the two or more modalines, arbitrary relations
must be learned by experiencing the information in the
modalities together, and may thus be haracterized as
depending on some process of association or integras
tion. Research findings indicate that this process is
likely initally puided b the detection of amodal rela
tions, including temporal synchrony, wmporal o
crostructure, and spatial colocation  (Bahrick, 2001;
Gopate & Bahrick, 1998: Hernandez-Reif & Bahrick,
2001; Lewkowicz, 2002). For example, young infants
can learn o relate specilic sounds with objects of a paE
tcular appearance, but only when temporal synehromy
unites the motion of the abject and sound (Bahrick;
1994; Gogate & Bahrick, 1994). The detection of global,
amodal information appears 1o guide and constrain the
detection of more specific informanon, both ontoges
netcally and within a given episade ol exploratct,
so that unitary multimodal ohjects and events are &%
plored frst and modalityspecific details are per 1:iv_{'.d
in the context of more general principles that organte

these detiils,
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In1 surn, it appears that both integration and differen-
tiation processes are involved in the emergence and
maintenance of various types of intersensory function-
ing. I'he recognition of the important role of these
processes and their interaction has led several investiga-
tors, including Bahrick (1994), Botuck and Turkewitz
(19410}, Lewkowicz and Lickliter (1994b), Smith (1994),
Ihelen and Smith (1994), and Werner (1957), to sug-
gest that integration and differentiation processes are
best considered as complementary rather than compet-
itive o1 mutually exclusive processes. Recent work in de-
velopmental psychology and psychobiology is providing
a clearer picture of how differentiating amodal relations

acrioss the senses can interact with one another in the de-
velopment of early percpetual and cognitive skills. A brief
review of this body of work provides a forum for explor-
ing its implications for a more fully realized understand-
ing ol the origins and development of intersensory
I'I-'I 0 l'|?||0n_

I'he salience of amodal stimulus properties
during early development

What canses some patterns of sensory stimulation to be
salient, attended to, and remembered by young organ-
isims, and other patterns of stimulation to be ignored?
\lthough we are not yet able to conclusively answer this

imporiant question regarding selective attention, a
growing body of evidence from developmental psychol-
ogy and psychobiology suggests that infants’ adept de-
lecion of amodal relations is a fundamental compo-
nent of selective attention during early development
(Bahrick, 1992, 1994, 2001; Lickliter, Bahrick, &
Honeycuee, 2002; Slater, Guinn, Brown, & Hayes, 1999).
In particular, the detection of amodal relations appears
1@ specily the unity of multimodal stimulation, capture
and direct infant attention, and facilitate the further dif-
'“rentidtion of a coordinated multimodal object or event
\Bahrick & Lickliter, 2000; Bahrick & Pickens, 1994;
Lickliter & Bahrick, 2001). Such detection of amodal
relations can guide and constrain the detection of
other nested intersensory relations, including modality-
‘Pecihic ind arbitrary stimulus relations.

As 3 case in point, 7-month-old infants have been
shown 1 be capable of learning the arbitrary relation
’lween an object and a speech sound, but only when
he object is moved in temporal synchrony with the
“hindl. When the object is still or moved asynchronously
with the speech sound, 7-month-olds show no evidence
i linking the speech sound and the object (Gogate &
H”.'L” ick, 1998). In this example, learning of arbitrary
'iations appeared to be (at least initially) guided and
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facilitated by the detection of amodal relations present
in multimodal stimulation. Hernandez-Reif and
Bahrick (2001) have likewise shown that 6-month-old
infants can detect the arbitrary relation between the
tactually perceived shape of an object and a specific
color or pattern, but only under conditions when
amodal information for object shape unites their visual
and tactile exploration. In other words, the relation be-
tween an object’s color or pattern and its shape appears
to be learned by young infants only in the presence of
amodal shape information made concurrently available
to vision and touch.

Related research has also found a developmental lag
between the detection of amodal and arbitrary relations
provided by a given event during early development. By
3 months of age, infants viewing objects striking a sur-
face are capable of detecting the amodal audiovisual
relations of temporal synchrony and the temporal
microstructure specifying an object’s composition.
However, not until 7 months of age do infants detect the
arbitrary relation between the pitch of the impact sound
and the color and shape of the objects (Bahrick, 1992,
1994). Further, it was found that even when modality-
specific properties (the pitch of a sound and the color of
moving objects) were made more readily discriminable,
amodal relations were nevertheless perceived develop-
mentally prior to these modality-specific relations. Such
findings suggest that the redundant, amodal properties
of objects and events are typically more salient and per-
ceived earlier than modality-specific or arbitrary multi-
modal relations.

This developmental sequence, whereby perceptual
learning progresses from detection of amodal to arbi-
trary and modality-specific relations, promotes learning
about consistencies and regularities across the senses
during early development. For example, detection of
amodal stimulus properties such as temporal synchrony
and spatial collocation can foster appropriate, veridical
generalizations on the part of the young organism and
can minimize inappropriate generalizations about arbi-
trary stimulus relations that vary widely across contexts
or are specific to only certain objects or events. In this
scenario, detection of amodal relations are thought to
guide and constrain perceptual learning about mopdal-
ity-specific relations such that general perceptual princi-
ples (e.g., voices go with faces, single objects make single
impact sounds) are well established prior to learning
more specific details of these events (e.g., Mary’s face
goes with a soft, high-pitched voice; the blue rattle
makes a jingling sound when dropped). Bahrick’s
(1992, 1994) findings that 3-month-old infants were able
to detect temporal synchrony and amodal information
specifying object composition in single and multiple
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objects striking a surface, but not until 7 months of age
could infants could detect the arbitrary, modality-
specific relation between the pitch of the sound and the
color and shape of the moving objects, provides support
for the view that detection of amodal relations can guide
and constrain early perceptual learning.

Although these results and those from other investiga-
tions of infants’ capabilities for perceiving amodal rela-
tions (for reviews, see Lewkowicz, 2000; Walker-Andrews,
1997) indicate that young infants are remarkably skilled
at perceiving coherent multimodal objects and events
from the flow of sensory stimulation, the origins of this
capacity and its implications for perceptual and cogni-
tive development remain poorly understood. Recent
evidence from comparative psychology and develop-
mental psychobiology utilizing animal embryos and in-
fants has, however, provided some insight into the emer-
gence and maintenance of intersensory functioning
(Lickliter, 2000a; Lickliter & Bahrick, 2000; Lewkowicz &
Lickliter, 1994a). This body of work, along with parallel
findings from the neural and electrophysiological litera-
ture, indicates a strong link between sensory systems and
a functional distinction between unimodal and mult-
modal stimulation during early development (see Stein
& Meredith, 1993; Stein, Meredith, & Wallace, 1994;
Stein, Wallace, & Stanford, 2000). In particular, research
with both animal and human infants indicates that dif-
ferent properties of stimuli are highlighted and attended
to when concurrent multimodal stimuli rather than uni-
modal stimuli are made available to young organisms.

Differential effects of unimodal
and multimodal stimulation

Functioning tactile, vestibular, chemical, and auditory
modalities are likely interacting during the late stages of
prenatal development in precocial animal species, and
the onset of visual experience at birth or hatching sig-
nificantly increases opportunities for multimodal stimu-
lation during the postnatal period (Gottlieb, 1971a;
Lickliter 2000b). Relatively little is known about the
nature of perinatal intersensory interactions and the
possible contributions of different types of sensory
experience to newborns’ perceptual preferences and
abilities (but see Lickliter, 1995; Tees & Symons, 1987;
Turkewitz, 1994; Turkewitz, Gilbert, & Birch, 1974).
Converging research from both neural and behavioral
levels of analyses has, however, consistently indicated dif-
ferential effects of unimodal versus multimodal sensory
stimulation on young and mature organisms’ perceptual
responsiveness.

For example, a number of neurophysiological studies
of the adult cat have indicated that the temporal and

646

THE MATURATION AND PLASTICITY OF MULTISENSORY PROCESSES

spatial pairing of stimuli from different sensory modal;.
ties can elicit a neural response that is greater than the
sum of the neural responses to the unimodal compo-
nents of stimulation considered separately (Stein &
Meredith, 1993; Stein et al., 1994). Spatially coord;-
nated multimodal stimulus combinations produce sig.
nificant increases over unimodal responses in an array
of extracellular measures of neural activity in adult ani-
mals, including response reliability, number of impulses
evoked, peak impulse frequency, and duration of the
discharge train. This superadditive effect of bimodal
stimulation, in which the magnitude of neural effects
resulting from bimodal stimulation exceeds the level -
predicted by adding together responsiveness to each
single-modality stimulus alone, has also been reported
in behavioral investigations. Stein, Meredith, Honeycutt,
and McDade (1989) have also demonstrated that the
effectiveness of a visual stimulus in eliciting attentive
and orientation behaviors in cats is dramatically
affected by the presence of a temporally congruent and
spatially collocated stimulus in the auditory modality.
Responses made by cats to spatially coincident audiovi-
sual stimuli were more accurate than those made to
either form of unimodal stimulation.

In a similar vein, communicative displays like the .
threat expressions of macaque monkeys and the
recruitment signals of ants have been shown to have
different consequences on the behavior of con-
specifics, depending on their unimodal or multimodal
presentation (see Partan & Marler, 1999). Taken to-
gether, these various findings provide converging sup-
port for the notion that unimodal and multimodal
stimulation elicit differential responsiveness across dif
ferent species, different developmental stages, and
different tasks.

Research with precocial avian embryos and hatch-
lings has consistently demonstrated the importance of
multimodal sensory stimulation in the emergence and
maintenance of normal or species-typical patterns of
perceptual organization. Beginning with the pioneer-
ing work of Gottlieb (1971b) on the development of
species identification in precocial birds, a large body of
work has accumulated indicating that multimodal expe-
rience in the period following hatching is a key compo
nent in the development and maintenance of the early
perceptual and social preferences underlying species
identification (e.g., Gottlieb, 1993; Johnston & Gottlieb,
1981; Lickliter, Dyer, & McBride, 1993). More recently,
studies of precocial bird embryos and hatchlings have
demonstrated that subjects denied normal levels of
multimodal stimulation during the early postnatal pe-
riod show impaired perceptual responsiveness to both

unimodal and multimodal maternal information_




{Columbus &  Lickliter, 1998, Columbus, Sleigh,
Lickliter, & Lewkowicz, 1998; Goulieb, 1993; Sleigh,
Columbus, & Lickliter, 1998), As a case in pent, quail
chicks
{either auditory or visual) maternal stimulation Follow-

receiving enhanced exposure to  unimodal
ing hatching showed altered patterns of responsiveness
to both unimodal and bimodal maternal information,
Regardless of whether their unimodal maternal experi
ence was auditory or visual, chicks demonstrated en-
hanced unimodal and delayed bimodal responsiveness
when compared with control chicks recenving ['..'im.ﬂ
levels of multimodal stimulaton {Sleigh e al., 1998)

Related work with both quail chicks and ducklings on
the effects of reducing available multimodal stmuli-
tion following hatching has also demonstrated altered
patterns of auditory learning (Gottlieb, 1993; Lickliter &
Helleweldl, 1992) and attenuated mtersensory lunction-
ing (Columbus & Lickliter, 1998), further highlighting
the importance of multimodal stimulation w the nor-
mal emergence of mtra- and Intersensory functioning
in early development. Similar findings from several
other species of birds and mammals examined ut the
neurdl level of analysis also indicate that the uncoupling
of muliimodal experience can lead 1o significant
changes in the young organism’s normal developmen
tal trajectory (King, Hutchings, Moore, & Blakemore,
1985 Knudsen & Branard, 19491, 1905 ".‘n.'|||||||_-._||5.:.||-
Wray e al., 1990)

Recent evidence also indicates that experiential mod-
ifications of prenatal unimodal or bimeodal sensory ex-
perience can alter neurcanatomical structure, |J||:.,_'1i1;|-
logical regulation, and perceptual learning during the
period prior to birth or hatching, Fea example, Carlsen
(194949) examined the effects of ditfering amounts of un
usually early visual stimulation of quail embrvosin the
penod prier to hawching on the dendritic morpholog
of neurons in the arca of the telencephalon known as
the visual Wulst, a soructure similar to the mammalian
visual cortex. The Wulst has a lavered organization and
PESEHOTISE E]I'i:'".'t'l'lii'.‘i very stumilar o mammalian striate
cortex (Pettigrew & Konishi, 1976). Quail embryos
exposed o prenatal visual stimulation showed altered
|'-|=|||||"' ol intersensonr I'{'.\l.HIIII.'ﬂ‘-"‘IH"-'\'-‘:; tor maternal
auditory and visual cues and were also shown o have
stgnificant changes in the number of spines and degre
of branching of dendrites in the Wulst when ompared
with control chicks not receiving prenatal visnal stimu-
I-”..'Ii'll. |:'.]]1i|:'_‘.HH g |'I'|'i||:l_; relatvely small ATTIOLUES
(10 min/h) of prenatal visual sumuolation i the days
priew o hatching showed enhanced audiovisual FESPOL-
Siveness o maternal cocs and had significanty fewer
dendritic spines than controls following hawching, In

contrast, embryos receiving relatively large amounts
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(40 min/h) of prenatal visual experience showed
delayed intersensory responsiveness following hatching
and had a significantly greater number of spines and
more branching than control chicks. These results sug-
gest that providing embryos with unusually early visual
experience can modify emerging patterns of neural
pruning and resulting architecture. How modifications
in prenatal auditory experience would affect neuronal
structure in the visual Wulst remains to be explored, but
existing behavioral evidence demonstrating effects of
prenatal auditory stimulation on subsequent visual
responsiveness (Lickliter & Stoumbos, 1991; Sleigh &
Lickliter, 1997) suggests that similar patterns of neu-
ronal change in visual areas (in addition to the auditory
region of the telencephalon) are plausible following
augmented prenatal auditory stimulation.

Differential effects of unimodal versus bimodal stimu-
lation during prenatal development have also been
demonstrated at the physiological level of analysis.
Reynolds and Lickliter (2002) found that quail embryos’
heart rate is significantly affected by the type of prenatal
sensory stimulation (unimodal vs. bimodal) provided
during the period prior to hatching. Embryos exposed to
concurrent but asynchronous bimodal (auditory/
visual) stimulation displayed significant increases in
heart rate during stimulus exposure, whereas the heart
rate of embryos exposed to concurrent intramodal
(auditory/auditory) stimulation or unimodal (auditory
or unimodal) visual stimulation remained near baseline
during stimulus exposure. These results are consistent
with behavioral evidence drawn from studies of prenatal
perceptual learning in bird embryos. A number of stud-
ies have reported that when embryos are unimodally
exposed to an individual maternal call in the days prior
to hatching, they subsequently prefer this familiar ma-
ternal call over an unfamiliar maternal call in postnatal
testing (Gottlieb, 1988; Gottlieb, Tomlinson, & Radell,
1989; Lickliter & Hellewell, 1992). However, when em-
bryos are exposed to an individual maternal call concur-
rently with noncongruent stimulation to another
sensory system (i.e., visual or vestibular), they fail to
demonstrate a preference for the familiar call during
postnatal testing (Honeycutt & Lickliter; 2001; Lickliter
& Hellewell, 1992; Radell & Gottlieb, 1992). Concurrent
(butasynchronous) bimodal stimulation appears“to alter
both physiological and behavioral arousal (Reynolds &
Lickliter, 2002) and can interfere with prenatal per-
ceptual learning. On the other hand, recent evidence
indicates that redundant, synchronous bimodal stim-
ulation can facilitate perceptual learning, suggesting
that different types of multimodal stimulation have
different effects on emerging physiological and behav-
ioral organization during early development.
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In summary, several related themes can be drawn
from recent comparative research on the development
of intersensory responsiveness in birds and mammals:
(1) There appears to be enhanced behavioral respon-
siveness to coordinated multisensory stimulation as
compared with unimodal stimulation. (2) Multimodal
experience appears to lead to different developmental
outcomes than unimodal experience. (3) The uncou-
pling of multimodal experience can lead to abnormal
perceptual organization during early development.
(4) Modifications in normal types and amounts of
prenatal sensory stimulation can lead to altered
neural development and increased physiological and
behavioral arousal.

The role of intersensory redundancy in early
perceptual development

We have proposed an intersensory redundancy hypothesis
to describe how attention and perceptual processing of
different stimulus properties are influenced by uni-
modal versus multimodal stimulation (Bahrick &
Lickliter, 2000, 2002). In light of converging evidence
drawn from physiological and behavioral studies high-
lighting the differential effects of unimodal and multi-
modal stimulation during early development, the inter-
sensory redundancy hypothesis synthesizes knowledge
gained from research on animal and human intersen-
sory development and identifies some of the processes
thought to underlie the emergence of intersensory per-
ception. Intersensory redundancy refers to the spatially
coordinated and concurrent presentation of the same
information (e.g., rate, rhythm, intensity) across two or
more sensory modalities. For the auditory and visual
modalities, this also entails the temporally synchronous
alignment of the bimodal information. In our view,
intersensory redundancy is a particularly important and
salient form of stimulation in early development. The
intersensory redundancy hypothesis proposes that in-
formation presented redundantly across two or more
sensory modalities selectively recruits young organisms’
attention during early development, causing amodal
(redundant) stimulus properties to become foreground
and other stimulus properties to become background
during exploration of an object or event. According to
the intersensory redundancy hypothesis, selective atten-
tion on the part of the infant gives initial advantage to
the perceptual processing, learning, and memory of
stimulus properties that are redundantly specified over
the processing, learning, or memory of nonredundant
properties of sensory stimulation. In other words, infor-
mation that is simultaneously presented across two or
more modalities is thought to be highly salient to infants
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and can direct attentional selectivity at the expense g
nlormation thar s not redundant (Babock & J-il'k!il::rl
2000; Bahrick & Pickens, 1994; Bahiick, Walkey, g
Newsser, 19815 Bahrick et al,, 2002; Slater et al, 1999y

Maore than 20 vears ago, Bahrick etal. (1931 lli"1'lﬂr.|-
strated  the salience ol intersensory redundancy oy
directing selective attention during carly developmeny,
Tnfanis viewed Glms of two superimposed events (eg.a
oy Slinky moving and a hand-clapping game). For the
adult viewer, when the two .‘-'liEIl'I'iIII':IHM'fJ EVETLS Werg
viewed silently, they appeared o be an amalgamation of
ghostly images passing through one another. Flowever
as soon as the sound track o one was torned on, the
s.l.mnd-s[n:riﬁn.-il event suddenly stood out from the
other event, creating a strong impression of lgure and
ground. Infants also appeared o be affected this way by
the addition of the sound track. By plaving the synchro-
wous soundirack o one of the h1l|:a1'|'im|m.hul events, the
investigators were able to direct infants’ attentional
selecuvity o that event, causing them o ignore the
silent one. However, once the sound track was turned
ofl and the fHlms were separated (appearing side by
side) intersensory redundancy was no longer available,
and infants preterred o view the novel, previously sileny
film. Conirol studies confirmed this interpretation, in
that when inlants were |:|L'.~|':514"(l with only one cen-
trally projected event with sound, followed by silent tri-
als of the two events side by side (familiar vs, novel
films}, they preferred the previously absent {(novel)
film. Taken together, these results demonstrate that the
intersensory redundancy provided by the natural, syn-
chronous sound tack o a visible event can guide
infants’ visual selectivity, even when another visual event
occupies the same spatial location, This behavioral evi-
dence is consistent with findings of heightened neural
1'1'ﬁ[_m||ni~.'::1|-:_'~a~a o coordinated multimaodal stimulation
in adult animals (see Stein & Meredith, 1993) .

More recently, intersensory redundancy has alzo
been found to facilitate perceptual learning of amaodal
properties suchoas thythm and rempo in early infancy
(Bahrick & Lickliter, 20000 Bahrick ot al, 2002). For
example, in the Bahrick and Lickliter (2000) study,
B-month-old infants were habituated to Blms of a ham-
e Hl.p[lillj,’ aut one of two distinet irregular |'hjr|h|:11'i.

The rhythms were presented visually (seeing the ham-

mer) or acoustically (hearing the hammer [:lilililng ar
visually and acoustically (bimodal condition), Infants
then received test trials depicting either a change in
rhythm or no change in rhythm. Results indicated
that infants were able o discriminate between the two
irregular thythms when they were presented bimaodally
(across both the auditory and visnal modalities) and
theretore redundantly, but nor when the rhythms were
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FIGURE 40.1 Five-month-old infants’ mean visual recovery to
a change in rhythm following bimodal (synchronous vs. asyn-
chronous) or unimodal habituation. Visual recovery is the dif-
ference score between visual fixation during the test trials and
visual fixation during posthabituation trials. Standard devia-
tions appear in parentheses. *p < 0.05.

presented unimodally (only in the auditory or visual
modality) or bimodally but out of temporal synchrony
(Fig. 40.1). Concurrent and redundant stimulation of
the auditory and visual modalities appeared to selec-
tively guide infants’ attention to the bimodally specified
property of rhythm, fostering successful discrimination,
whereas unimodal stimulation did not.

Parallel findings have been obtained demonstrating
the importance of intersensory redundancy for detect-
ing the amodal property of tempo in 3-month-old in-
fants (Bahrick et al., 2002). In this study, infants were
found to discriminate a change in tempo following bi-
modal but not unimodal familiarization (Fig. 40.2).
Because most objects and events are multimodal,
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FIGURE 40.2 Three-month-old infants’ mean visual recovery
to a change in tempo following bimodal or unimodal habitu-
ation. Visual recovery is the difference score between visual
fixation during test trials and visual fixation during postha-
bituation trials. Standard deviations appear in parentheses.
*p < 0.05.
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perceptual processing, learning, and memory for stim-
ulus properties specified in more than one sensory
modality will be promoted and develop earlier than
processing of other properties. Conversely, when multi-
modal stimulation is not available, attention is likely to
be more broadly focused on a variety of stimulus prop-
erties, including those that are specific to individual
sensory modalities. It is important to note that the
salience of redundant stimulation for directing atten-
tional selectivity is expected to be most pronounced
during early perceptual learning in a given domain, as
infants are clearly capable of detecting amodal stimulus
properties in unimodal stimulation within the first
months of life (Lewkowicz & Lickliter, 1994a; Rose &
Ruff, 1987).

In contrast to the facilitative effects of intersensory
redundancy for perceptual learning about amodal stim-
ulus properties, intersensory redundancy can also hin-
der or constrain learning about modality-specific stimu-
lus properties. Because redundancy selectively focuses
attention on the redundant aspects of stimulation and
away from other aspects, detection and learning of
properties such as pitch, color, or orientation would be
attenuated in the presence of redundancy and en-
hanced in its absence. This attenuation effect was found
for the perception of orientation of a moving object in
5-month-old infants (Bahrick, Lickliter, & Flom, 2000).
In this study, infants exposed to a hammer tapping out
a distinctive rhythm were able to perceive a change in
the modality-specific property of orientation (move-
ment upward vs. downward) when the event was experi-
enced unimodally (visual presentation), but not when
experienced bimodally (auditory-visual presentation).
The addition of redundancy under the bimodal condi-
tion appeared to selectively recruit attention to redun-
dantly specified stimulus properties (such as rhythm
and tempo) at the expense of the unimodally specified
property of orientation.

A focus on the nature of intersensory relationships
and the role of intersensory redundancy in early per-
ceptual and cognitive development has also been ex-
tended into the prenatal period with studies of animal
embryos (see Lickliter, 1995). Given that the prenatal
environment of both avian and mammalian species pro-
vides a rich array of tactile, vestibular, chemical, and au-
ditory stimulation (Gottlieb, 1971a), it seems plausible
that the developing embryo or fetus could be respon-
sive to redundant multisensory information. In this
light, we recently explored aspects of the intersensory
redundancy hypothesis in precocial quail embryos and
found that redundancy across modalities can also facili-
tate perceptual learning during the prenatal period
(Lickliter et al., 2002). Quail embryos were exposed

649



to an individual maternal call for 10 min/h across 6, 12,
or 24 hours prior to hatching, under conditions of
(1) unimodal auditory stimulation, (2) concurrent but
asynchronous auditory and visual stimulation, or (3) re-
dundant and synchronous auditory and visual stimula-
tion. Subjects were then tested one day after hatching to
determine if they preferred the familiar maternal call
over an unfamiliar variant of the maternal call. Results
indicated that for all exposure durations chicks that re-
ceived the redundant audiovisual familiarization as em-
bryos significantly preferred the familiar call, whereas
those that received the nonredundant audiovisual fa-
miliarization failed to show a preference for the familiar
call. Chicks that received the unimodal auditory famil-
iarization showed eventual perceptual learning, pre-
ferring the familiar call following the longest period
(24 hours) of prenatal exposure (Fig. 40.3). Thus, em-
bryos receiving redundant information to the auditory
and visual modalities about synchrony, tempo, rhythm,
and duration required only one-quarter the exposure
durations of embryos receiving unimodal information.

These results are the first to show enhanced prenatal
perceptual learning when amodal information (tempo,
rhythm, duration) is presented redundantly across two
sensory modalities. Synchronous bimodal stimulation
makes overlapping, temporally coordinated informa-
tion available to the different senses and can facilitate
perceptual learning and memory for redundant,
amodal stimulus properties common across sensory
modalities, even during the prenatal period (see also
Honeycutt & Lickliter, 2002). In contrast, concurrent
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bimodal stimulation that is not redundant provides the
young organism with competing sources of information,
potentially interfering with the embryo’s ability to syc.
cesstully attend to either source of information
(Lickliter & Hellewell, 1992; Radell & Gottlieb, 1992).

Additional support for this view has recently been pro-
vided by Reynolds and Lickliter (2001). Quail embryos
exposed to concurrent but asynchronous auditory-visya]
stimulation had significantly higher baseline heart rates
following stimulus exposure and significantly greater
changes from baseline during stimulus exposure whep
compared with embryos that received synchronous (re-
dundant) agditory—visual stimulation or unimodal audi-;
tory stimulation. The increased physiological arousal
elicited by asynchronous bimodal stimulation may ex:
ceed some optimal range of arousal and interfere with
perceptual learning, given that precocial avian embryos
appear unable to demonstrate prenatal auditory learn-
ing of a maternal call when presentation is paired with
concurrent but asynchronous patterned visual stimula-
tion (Gottlieb et al., 1989; Lickliter & Hellewell, 1992). In
contrast, redundant bimodal stimulation appears to reg-
ulate arousal levels in a range that supports and even
facilitates prenatal perceptual learning (Lickliter et al,,
2002). '

Additional studies assessing physiological and behav-
ioral arousal during and following specific types of sen-
sory stimulation should provide further insight into
the processes and mechanisms contributing to the
origins and development of intersensory perception,
learning, and memory. What seems clear at present
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from converging evidence across different levels of
analysis and from a variety of animal species is that
temporally aligned multimodal stimulation (inter-
sensory redundancy) is particularly salient during early
development and is important for initially guiding
and constraining selective attention and perceptual
learning. '

Conclusions

Converging evidence from both the neural (Calvert,
2001; Giard & Peronnet, 1999) and the behavioral sci-
ences (Lewkowicz, 2000; Lickliter & Bahrick, 2000;
Massaro, 1998) is providing a new framework for the
study of multisensory perception. This framework ac-
knowledges the multimodal nature of both the structure
of the organism and the structure of its environment
and recognizes that the separate senses interact and in-
fluence one another more than has been appreciated
until very recently. In particular, we now know that in-
tersensory interactions are present during both the pre-
natal period and the early postnatal period, raising the
interesting question of how such interactions serve to in-
fluence subsequent perceptual organization. Although
more research with both animal and human subjects is
needed to further examine and clarify the role of inter-
sensory responsiveness on perception, learning, and
memory during early development, the evidence re-
viewed in this chapter suggests that overlapping or re-
dundant sensory information can initially guide infants’
selective attention and enhance perceptual discrimina-
tion and learning of amodal properties of stimulation.
The consistent pattern of findings across different mea-

sures of responsiveness, different species, and different

stages of development suggests that (1) redundant bi-
modal stimulation is attention getting, (2) redundant bi-
modal stimulation can lead to enhanced neural and be-
havioral responsiveness and facilitate adaptive levels of
arousal, and (3) redundant bimodal stimulation pro-
motes exploration and learning of global, amodal prop-
erties of objects and events. Intersensory redundancy
appears to be an important cornerstone of early percep-
tual development (at least in precocial animal infants;
see Wallace & Stein, 1997, for contrasting results with an
altricial animal infant) and may be meaningfully investi-
Jated as a general principle, potentially applicable
cross a variety of avian and mammalian species. We pro-
bose that differentiation of amodal and modality-
ipecific stimulus properties emerges in a coordinated
'narmer, with the detection of more global, amodal
broperties leading and constraining perceptual respon-
liveness to more specific properties of objects and

LICKLITER AND BAHRICK: ORIGINS OF MULTISENSORY RESPONSIVENESS

events. Thus, the detection of amodal relations pro-
moted by redundancy across sensory modalites facili-
tates perceptual organization in young organisms in a
manner that can provide an efficient and effective
means of acquiring the skills and knowledge of adult
perceivers.
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