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Online comprehension of naturally spoken and perceptually degraded words was as-
sessed in 95 children ages 12 to 31 months. The time course of word recognition was
measured by monitoring eye movements as children looked at pictures while listen-
ing to familiar target words presented in unaltered, time-compressed, and
low-pass-filtered forms. Success in word recognition varied with age and level of vo-
cabulary development, and with the perceptual integrity of the word. Recognition
was best overall for unaltered words, lower for time-compressed words, and signifi-
cantly lower in low-pass-filtered words. Reaction times were fastest in compressed,

JOURNAL OF COGNITION AND DEVELOPMENT, 6(2), 179–208
Copyright © 2005, Lawrence Erlbaum Associates, Inc.

Requests for reprints should be sent to Renate Zangl, Center for Infant Studies, Psychology Depart-
ment, Stanford University, California 94305. E-mail: rzangl@psych.stanford.edu



followed by unaltered and filtered words. Results showed that children were able to
recognize familiar words in challenging conditions and that productive vocabulary
size was more sensitive than chronological age as a predictor of children’s accuracy
and speed in word recognition.

Understanding spoken language seems to be an easy task for adults with robust
processing skills, even in difficult listening conditions such as on a bad telephone
line or in a crowded room. Adults are efficient listeners not only under normal
acoustic circumstances but also in situations where the quality of speech is de-
graded due to increased speaking rate or reduced spectral information (Lane &
Grosjean, 1973; Marslen-Wilson, 1984, 1987, 1993; Speer, Wayland, Kjelgaard,
& Wingfield, 1994; Stine, Wingfield, & Myers, 1990). Only when speech is se-
verely distorted does processing get disrupted sufficiently to affect comprehension
in the mature listener (Dick et al., 2001; Grosjean, 1985; Munson, 2001;
Nooteboom & Doodeman, 1984). The remarkable efficiency of processing in
adults has an enormous advantage: The rapid access of word meaning from the
acoustic signal prevents conversational breakdowns in normal as well as more dif-
ficult listening conditions. Within this context, efficiency can be seen as (a) the
ability to rapidly and accurately process incoming speech as well as (b) a higher
tolerance to variability in the speech signal. The ability to understand spoken lan-
guage in more demanding and effortful situations is a critical capacity in adults;
however, little is known about how this robust processing skill develops. In this
study, efficiency of processing in the young listener was investigated under normal
and potentially adverse processing conditions. To model the latter, we selected two
methods, time compression and low-pass filtering, both used previously in re-
search with adults. We hypothesized that (a) these input manipulations would in-
crease the demands of processing and make it harder for the novice listener to un-
derstand familiar words and (b) the magnitude of disruption would depend on the
child’s age and language experience. Because there is no prior work on the effects
of these challenging listening conditions on infant online processing, this study
was necessarily exploratory in nature.

There are three important reasons for examining the impact of perceptually de-
graded speech on the young listener. First, children’s responses to acoustically
modified speech may help researchers to better understand the impact of temporal
and spectral variation in the speech signal within a developmental framework. Sec-
ond, acoustically modified speech is a useful tool for investigating the emergence
of robustness in children’s spoken-word comprehension. That is, developmental
changes in the resilience of word recognition under conditions of acoustic degra-
dation may yield insights into the strength of lexical representations in relation to
age and vocabulary growth. Third, experimental measures that reveal processing
weaknesses can be adapted for use in clinical contexts to identify children who
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may have deficits—either in the perception of rapid temporal cues or the percep-
tion of certain frequencies due to early hearing loss.

TIME-COMPRESSED SPEECH

Speech varies in its tempo—something all listeners commonly experience.
Speakers produce utterances at different rates, ranging on a continuum from rela-
tively slow to relatively fast. Although adults can cope with a high variability in
tempo and handle speaking rates about 2 to 2½ times as fast as “normal,” little is
known about the impact of variations in speaking rate on the young listener. Al-
though speech addressed to children is usually slower compared to that addressed
to adults, children are constantly exposed to variations in speech. For example,
adults speak at different tempos and infants overhear a large amount of speech
among adults that varies in rate. The design of this study allowed us to directly in-
vestigate the impact of variations in tempo by manipulating the speaking rates of
familiar words.

In the acoustically unaltered condition, familiar words were presented at their
normal rate, with “normal” referring to the speech style commonly known as in-
fant-directed speech (Fernald & Kuhl, 1987; Fernald & Simon, 1984; Fernald et
al., 1989). The exaggerated duration and pitch characteristic of infant-directed
speech may render these words particularly salient for the young listener.

In the compressed speech condition, the normal speaking rate of the words
was reduced by compressing them in time by 50%, making them shorter and
closer in duration to words produced in adult-directed speech. Compressing
these words by periodically deleting small segments of the signal at regular in-
tervals increased the rate twofold. Because this manipulation preserved crucial
spectral information and retained normal rhythmic and prosodic information, the
time-compressed words sounded quite natural to the naked ear. Although the in-
telligibility of the speech signal was relatively unaffected, the young listener was
given substantially less time to recognize the words and integrate them into the
current context. This increase in processing load could potentially have detri-
mental effects on word comprehension.

Various studies have examined the effects of manipulating speaking rates on
linguistic processing in adults with normal, intact language abilities as well as in
those with different types of language disorders (Blumstein, Katz, Goodglass,
Shrier, & Dworetsky, 1985; Foulke, 1971; King & Behnke, 1989; Leonard, Baum,
& Pell, 2000; Wingfield, 1996). Fast speaking rates have been shown to have ad-
verse effects on processing, especially at more severe rates of compression, and in
older populations in a variety of tasks investigating auditory comprehension, re-
call, and repetition (Dupoux & Green, 1997; Gordon-Salant & Fitzgibbons, 1999;
Schmitt & Carroll, 1985; Wingfield, Tun, Koh, & Rosen, 1999). However, studies
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examining the effects of variations in speaking rate on linguistic processing in chil-
dren are scarce and they have primarily focused on children with auditory percep-
tual language problems, learning disabilities, or acquired aphasia (Campbell &
McNeil, 1985; Manning, Johnston, & Beasley, 1977; McNutt & Chi-Yen Li,
1980). The findings of these studies, similar to those for research with adults, sug-
gest that faster speaking rates can negatively affect auditory comprehension and
production (Weismer & Hesketh, 1996).

Based on these findings from speaking-rate manipulations, there is reason to
believe that slower speaking rates may be beneficial for auditory comprehension.
In this study we predicted that if longer duration of the target word facilitated word
recognition, infants should do better with normal, acoustically unaltered words
than with the compressed variants. If, however, signal duration was not a critical
factor in infants’ comprehension, this would suggest that infants are capable of
handling variations in speaking rate from very early on, which would also be an
important finding.

LOW-PASS-FILTERED SPEECH

Speech also varies in spectral composition, which can reduce intelligibility. In cer-
tain types of distorted speech the spectral aspects of the acoustic signal are af-
fected. The reduction of spectral information in the speech signal disrupts the en-
coding of the linguistic information, making the signal less intelligible and
comprehension more effortful. Adults show perceptual resilience in the face of
many forms of spectral distortion (Aydelott & Bates, 2004; Remez, Rubin, Pisoni,
& Carrell, 1981; Shannon, Zeng, & Wygonski, 1998; Shannon, Zeng, Wygonski,
Kamath, & Ekelid, 1995; Turner, Souza, & Forget, 1995). The question is how this
resilience develops and what potential advantages it has. An important result of
gaining this skill is that even with less redundancy in the speech signal the listener
can still pick up enough acoustic information to succeed in comprehension. The
relevant question here is how early children develop the ability to understand
speech reduced in its spectral content and whether this ability develops gradually
over the age range of this study. That is, as children get older and more linguisti-
cally sophisticated, do they depend less on the integrity of spectral cues to cor-
rectly identify words?

By using a low-pass filter we attenuated all frequency components above 1,500
Hz. Although the prosodic and temporal aspects of the words stayed intact, the
words sounded muffled to the adult ear and phonemic contrasts became less clear.
Even though the low-pass-filtered words lacked several features that may contrib-
ute to the identification of vowels and consonants, there was still sufficient infor-
mation for experienced listeners to quickly and accurately identify the words (as
we ascertained in a pilot study with 55 college students).
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Previous studies have shown that less language-experienced listeners are partic-
ularly vulnerable to the reduction of spectral information in the speech signal.
Testing two groups of children (5–7 years and 10–12 years) as well as adults in a
variety of tasks (sentence–word comprehension, recall of digits, etc.), Eisenberg,
Shannon, Schaefer Martinez, and Wygonski (2000) demonstrated that the younger
children performed at a significantly lower level in all tasks compared to the older
children and adults. These results are in accordance with an earlier study indicating
that children age 3 to 4 years need more spectral information than adults do to un-
derstand multisyllabic words (Dorman, Loizou, Kirk, & Svirsky, 1998). The fact
that younger children are more vulnerable to spectrally degraded speech suggests
that robust speech recognition requires substantial experience.

If more spectral information in the speech signal is critical for early word recog-
nition, then the youngest listeners in our study should do better with normal,
acoustically unaltered words than with the spectrally impoverished variants. How-
ever, if we find that reduction of spectral information above 1,500 Hz does not di-
minish comprehension, this would indicate that language novices are capable of
handling degraded spectral content from very early on. This would be an important
finding, especially in relation to children who suffer from early hearing loss and re-
ceive imperfect sensory input.

EFFICIENCY, AGE, AND VOCABULARY

We approached the question of efficiency in word recognition and resistance to
challenges imposed by time compression and low-pass filtering from two points of
view: comparisons over levels of age and comparisons over levels of expressive
vocabulary. To the extent that increasing efficiency of word comprehension re-
flects maturational factors, we might expect to find effects of age that are inde-
pendent of vocabulary level. However, increasing efficiency in receptive language
skills may also be related to gains in productive vocabulary. Previous studies using
a range of methodologies have shown that several aspects of language (especially
word comprehension and grammar) are correlated with the infant’s level of expres-
sive vocabulary after age-related variance is removed (Bates & Goodman, 1997;
Fernald, Swingley, & Pinto, 2001; Marchman & Bates, 1994; Mills,
Coffey-Corina, & Neville, 1993, 1997; Munson, in press; Werker, Fennell,
Corcoran, & Stager, 2002). Whereas these studies indicate that both age and vo-
cabulary contribute to the increase in infants’ processing efficiency, one of our
goals was to establish whether word comprehension would be predicted better by
expressive vocabulary level or by chronological age.

Recent research investigating spoken-word comprehension has suggested that
efficiency in processing develops gradually and depends on the child’s age and vo-
cabulary knowledge as well as on the listening conditions. Age-related changes
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have been reported by Fernald, Pinto, Swingley, Weinberg, and McRoberts (1998)
showing that 24-month-olds were both more accurate and faster than
15-month-olds in recognizing familiar spoken words (for related studies see also
Mills et al., 2004; Werker & Stager, 2000; Werker et al., 2002). In terms of the rela-
tion between word comprehension and vocabulary size, links between receptive
and productive skills have been documented through observational studies and
more recently by experimental research. In a longitudinal study of the emergence
of speech-processing efficiency in children age 15 to 25 months, Fernald, Perfors,
& Marchman (in press) found that speed and accuracy in spoken language compre-
hension were closely related to vocabulary development. At any given age, those
children with larger vocabulary size were faster and more reliable in recognizing
familiar words.

In another recent study, Werker et al. (2002) found effects of both age and vo-
cabulary size when investigating minimal-pair word learning in infants at 14, 17,
and 20 months of age. When examining the relation between vocabulary size and
word learning, they found that those children in each age group with larger vocabu-
laries were better in learning similar-sounding words. However, a positive correla-
tion between minimal word learning and vocabulary size was found only in the
younger infants with smaller vocabularies (see also Werker & Stager, 2000). Al-
though Werker et al. investigated learning of new words rather than recognition of
already familiar words, the results bear important implications for this study. They
showed that children became more efficient in processing phonetic details and that
vocabulary size may be important in the development of efficiency (for further
studies relevant for the contribution of lexical growth, see Fernald et al., 2001).
Taken together, these studies provide preliminary evidence that efficiency in re-
ceptive processing may be related to gains in productive vocabulary.

In this study, the relation between receptive processing skills and productive vo-
cabulary size was extended to a broader range of speech sounds, including unal-
tered, time-compressed, and low-pass-filtered words. To explore the relative con-
tributions of increasing age and growth in productive vocabulary size to the
development of speed and accuracy in spoken-word comprehension, we grouped
all our analyses both by age and by vocabulary level. To determine how success in
online word recognition varied with age, the children were divided into four age
groups. To determine how their word recognition success varied with level of lexi-
cal development, the same children were grouped into four vocabulary levels. The
size of the expressive vocabulary for each child was based on the number of spoken
words reported by the parent on the MacArthur-Bates Communicative Develop-
mental Inventory (CDI).

In addition to effects of age and vocabulary size, efficiency in speech process-
ing is also influenced by the listening conditions to which the young learner is ex-
posed. Recent research on the online processing of spoken language by infants in
the 2nd year of life has shown that young children can efficiently recognize famil-
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iar words not only under optimal (i.e., acoustically unaltered) conditions but also
under more challenging conditions such as when familiar words are truncated or
mispronounced. For example, 18-month-olds are able to identify familiar words
based on partial phonetic information, when presented with only the first 300 msec
of the word (Fernald et al., 2001). And infants also recognize words that deviate
slightly from the correctly pronounced version, as in vaby versus baby (Mills et al.,
2004; Swingley & Aslin, 2000, 2002). These findings indicate that language nov-
ices are able to handle instances of the same word in different acoustic manifesta-
tions—a fact particularly relevant in this research.

GOALS OF THIS STUDY

In a population of 95 English-learning children ranging in age from 12 to 31
months, we investigated the development of efficiency in comprehending familiar
words under optimal and less optimal conditions. Children were tested in a look-
ing-while-listening procedure, a technique that has been used in a number of recent
studies on infant word recognition (Fernald et al., 1998, 2001; Swingley & Aslin,
2000, 2002). This procedure allowed us to monitor the time course of spoken-lan-
guage processing as the speech signal unfolded from moment to moment. The
child looked at paired pictures of familiar objects while listening to speech that re-
ferred to one of the objects. By examining the child’s eye movements continuously
in response to particular words in the speech stream, we were able to tap into the
rapid mental processes involved in understanding spoken language. The advantage
of this procedure is that language processing can be monitored as it hap-
pens—while the child is listening to speech in real time. Previous studies of early
receptive language skills have relied primarily on offline measures that assess
word recognition only after the child has heard the entire sentence. In contrast, the
looking-while-listening procedure enables measurement of receptive competence
in terms of response speed as well as overall accuracy in spoken word recognition.

This study had three goals:

1. To investigate the development of efficiency in comprehending familiar
words under optimal listening conditions. This allowed us to replicate the earlier
findings of Fernald et al. (1998) indicating that the efficiency in processing of
acoustically normal words increases gradually over the 2nd year of life. Our study
extended the age to a wider range, testing children age 12 to 31 months.

2. To investigate the development of efficiency in comprehending familiar
nouns when they were presented either at a faster speech rate or with reduced spec-
tral information. This would clarify whether manipulations in rate and clarity af-
fect early word comprehension and would also provide insights into the robustness
of word comprehension in young language learners.
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3. To determine whether developmental changes in performance within the
first stages of word learning are best predicted by age or vocabulary level or by
these two factors in conjunction.

METHOD

Participants

Children were recruited through bulk mailing, brochures, advertisements in local
parent magazines, and visits to postnatal classes. All of the infants who came to the
laboratory were full-term and in good health, with neither pre- nor postnatal com-
plications nor a history of hearing disorders. Our final sample consisted of 95 chil-
dren age 12 to 31 months, 54 girls and 41 boys, all from monolingual Eng-
lish-speaking homes. A breakdown of the number of participants within each age
level is provided in Table 1.

An additional 24 infants were tested but not included in the analyses for the fol-
lowing reasons: failure to complete the task (n = 11), missing parent-report lan-
guage inventories (n = 6), experimenter error or equipment failure (n = 3), diffi-
culty in tracking the child’s eye movements (n = 1), interference by parents during
testing (n = 1), fussiness (n = 1), and failure to meet the testing criteria (n = 1).

Auditory Stimuli

Twenty-four target words were chosen from the earliest words comprehended by
typically developing children, based on the norms of the MacArthur-Bates CDI
(Fenson et al., 1993). Table 2 lists all the target words used in the experiment. The
auditory stimuli were digitally recorded in a soundproof room by a female native
speaker of American English, at a sampling rate of 44,000 Hz using a Sony digital
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TABLE 1
Number of Infants for Each Age, as it is Currently

Age (in Months) Number of Infants Age (in Months) Number of Infants

12 N = 13 21 N = 6
13 N = 6 22 N = 6
14 N = 3 23 N = 4
15 N = 7 24 N = 11
16 N = 8 25 N = 2
17 N = 3 26 N = 1
18 N = 7 27 N = 1
19 N = 11 30 N = 2
20 N = 3 31 N = 1



audiotape recorder. The acoustic envelope of each word was typical of infant-di-
rected speech, showing both extended duration and pitch patterns (e.g., Fernald et
al., 1989). The speech stimuli were then digitized at 22,050 Hz using Sound De-
signer (Digidesign) for Macintosh and converted into 16-bit wav. files for use on a
Windows–DOS system. To direct the child’s attention to the target picture, a stan-
dard, invariant carrier frame preceded each target word (“Look, look at the [tar-
get]”). To create the carrier phrase, the initial “Look” was spliced into each sen-
tence; the rest of the sentence was recorded separately for each target word in a
form designed to maximize the naturalness of the lead-in phrase while minimizing
coarticulation effects. Whereas the carrier frame was always presented in normal,
acoustically nonmodified speech, the target words had three acoustic definitions:
(a) unaltered (normal), (b) low-pass-filtered, and (c) time-compressed. The acous-
tic distortions were imposed on the target words by using the Equalizer function
for low-pass filtering and the Tempo function for time compression in Sound Edit
16 (Macromedia). Equalizer changed the spectral resolution of the speech signal
by eliminating all frequency information above 1,500 Hz. Tempo decreased the
original stimulus length by 50% but preserved segmental and pitch information.
The level of degradation for the acoustically altered target words used in this ex-
periment was based on a prior study with adults.1 The mean length of the unaltered
and filtered stimuli was 1,051.85 msec (range: 820–1,409 msec); the mean length
of the compressed stimuli was 520.58 msec (range: 390– 721 msec).

Although both filtered and time-compressed tokens were prepared for all of the
stimulus words, each child heard only one of the degraded versions of each word in
addition to the unaltered version. That is, each target word was presented in two
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TABLE 2
List of 24 Target Words Used in This Study

Target Word Target Word Target Word

ball cup hat
bed dog horse
bird doll keys
book door mouth
car ear nose
cat eyes phone
chair foot pig
cow hand shoe

1A prior study with 55 college students was carried out using the same target words as in the experi-
ment presented here but two levels of degradation (1,000 Hz and 1,500 Hz for low-pass filtering and
50% and 100% for time compression). Adults reliably recognized the target words (with mean accuracy
scores above 95%) in time compression as well as low-pass filtering in either degradation level.



forms to each child—once unaltered and once either time-compressed or
low-pass-filtered and each child heard equal numbers of filtered and time-com-
pressed stimuli. The total of 48 trials was split up into eight blocks of 6 trials with
each block containing three unaltered and three acoustically modified targets, with
the type of distortion constant within but variable across blocks. Thus each child
was exposed to a total of 24 unaltered and 24 perceptually degraded targets (12
time-compressed and 12 low-pass-filtered). The pairings of targets and distracters
were based on phonological and semantic dissimilarity with the criterion that
within a given pair the words could neither come from the same semantic category
nor start with the same initial phoneme. Furthermore, targets and distracters were
also matched in relation to the age at which they were first typically comprehended
and produced based on MacArthur-Bates CDI norms (e.g., an easy target had an
easy distracter and vice versa, as in dog and car vs. pig and hat).

Visual Stimuli

The visual stimuli were 16-bit digitized realistic images of early-learned objects in
300 × 200 pixel size, presented side by side on two 30-cm color video monitors.
The object matching each spoken target word had four visual exemplars, all
prototypical instantiations of the respective word approximately balanced for vi-
sual salience. The images were downloaded from CD ROMs or the Internet or de-
rived from scanned digital photographs and edited on Adobe Photoshop. Each pic-
ture served twice as a target and twice as a distracter, resulting in a total of 96
pictures. Target and distracter pictures appeared simultaneously on the screens and
were presented 650 msec before the onset of the sentence and a total of 2,050 msec
before the onset of the target word. The pictures stayed on through the entire audi-
tory event and beyond; picture off-set was at 5,250 msec.

Apparatus and Procedure

Each child was tested in a soundproof room. The procedure used for data collec-
tion was the standard preferential looking procedure described by Schafer and
Plunkett (1998). During testing, the child was seated centrally on the parent’s lap,
80 cm in front of a pair of 30-cm computers placed about 44 cm apart from each
other. Speech stimuli were delivered at around 70 dB through a concealed speaker
located centrally above the monitors. Children’s looking behavior was recorded by
two cameras, one located above the right monitor, the other one located above the
left monitor. Video feed from both cameras was recorded onto two VHS video-
tapes by using a split-screen option on an audiovisual mixer.

Before testing, the parent was given an introduction to the purpose and nature of
the study by one experimenter while the other experimenter entertained the child.
Additionally, the parent signed a consent form and submitted the MacArthur-Bates

188 ZANGL ET AL.



CDI, which had been filled out at home (MacArthur-Bates CDI: Words and Ges-
tures from 12–16 months; Words and Sentences from 17–31 months; Fenson et al.,
1993). When the child was at ease, they were led into the testing room with their
parent. The parent was seated in a chair, wearing opaque dark glasses so she could
not see the target pictures and listening to masking music over headphones
throughout the experiment. These procedures were designed to prevent the parent
from cueing the child regarding the location of the named picture on each trial. A
small red light and a buzzer were mounted between the monitors. These served as
“attention-getting” devices between trials to redirect the child’s attention to the
center and away from both monitors. Each trial started with the presentation of two
pictures, so the child had enough time to look at both pictures prior to the onset of
the target word despite the use of the central fixation light. When the target word
was presented, the child could be in one of three positions: already looking at the
correct picture, looking at the incorrect picture, or off-task. The experimenter in
the adjacent room advanced from one trial to the next only after determining that
the child was looking at the light. The experiment lasted 8 to 10 min on average.

Coding Eye Movements

Although the data were collected using the Schafer and Plunkett (1998) proce-
dure, we used a combination of methods for coding and analyzing the data. Fol-
lowing Schafer and Plunkett, each recording session was scored offline using a
button-press box. Two highly trained coders independently scored each session
two times, once for looks to the right monitor and once for looks to the left mon-
itor. The coders were unaware of the trial type and the position of the target and
distracter pictures on each trial. Reliability was assessed both within and be-
tween observers following procedures described by Schafer and Plunkett. Across
the 95 children in this study the mean percent agreement was 95% or higher in
all sessions.

Because we used a button box to code infants’ gaze patterns to the two pictures,
it is important to note that the response latency of the coder was included in the
measurement of looking time, as is the case in several well-established versions of
the preferential looking procedure (e.g. Golinkoff, Hirsh-Pasek, Cauley, &
Gordon, 1987; Hollich et al., 2000; Naigles, 1990; Schafer & Plunkett, 1998). In
such studies the preferred dependent measure is typically the proportion of looking
time to the named target picture over a circa 6-sec window following the offset of
the target word. However, because we were interested in getting more detailed in-
formation on the time course of infants’ looking time, we chose to use a different
approach for analyzing our data, following procedures developed by Fernald and
Swingley (e.g., Fernald et al., 1998; Swingley, Pinto, & Fernald, 1999). As in re-
search on spoken-language processing with adults (e.g. Tanenhaus,
Spivey-Knowlton, Eberhard, & Sedivy, 1995), these investigators monitored in-
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fants’ looking time from moment to moment, combining “window” analyses that
averaged looking time over a particular period of interest with reaction time (RT)
analyses that captured the speed of the child’s online recognition of the target
word.

Although our data were coded offline in real time using the button box rather
than frame-by-frame (see Fernald et al., 2001; Swingley & Fernald, 2002), we sub-
sequently divided the looking-time data into 25-msec windows using custom soft-
ware for purposes of further analysis. This enabled us to achieve a more
fine-grained record of children’s gaze patterns in response to the spoken target
words. For each 25-msec window it was noted whether the child was fixating the
target or distracter picture, was in a transition shifting from one picture to the other,
or was off-task (looking away). These measurements were then analyzed in rela-
tion to the onset of the target word on each trial.

Dependent Measures

Children’s efficiency in recognizing spoken target words under different percep-
tual conditions was assessed using measures of accuracy in word recognition and
latency to orient to the matching picture in response to the spoken target word.

Accuracy. To determine the accuracy of children’s fixations to the correct
picture in response to target words in unaltered, time-compressed, and
low-pass-filtered form, we measured their looking behavior over time as more and
more phonetic information specifying the target word became available. Follow-
ing Swingley, Pinto, and Fernald (1998), we analyzed looking times using two
1-sec time windows starting from the onset of the target word, with accuracy de-
fined as the time children spent looking at the target picture as a proportion of the
total time spent looking at both target and distracter pictures. If infants’ tendency to
look at the two pictures was influenced by hearing the target word, we would ex-
pect a substantial increase in looking to the target picture in the second 1-sec win-
dow as compared to the first 1-sec window, as more phonetic information un-
folded. In a study of word recognition by infants age 18 to 21 months, Fernald et al.
(2001) showed that 82% of correct shifts from the distracter to the target picture
occurred within the first 1,800 msec following target word onset, supporting the
prediction that looking time to the target picture would reach its peak in the second
1-sec time window in our data as well.

RT. Infants’ speed in recognizing familiar spoken words was measured in
terms of their average latency to initiate a shift from the distracter to the target pic-
ture in response to the target word. RT calculations were based on those trials on
which the child shifted correctly from the distracter to the target picture. Following
Fernald et al. (2001), we divided our trials into three categories depending on
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where the child was looking at target word onset: T-initial trials (when children
were already looking at the target picture at word onset), D-initial trials (when chil-
dren were looking at the distracter picture at target word onset), and A-trials (when
children were looking away from either picture). Across the whole data set, 45% of
all trials were classified as D-initial trials, 41% were T-initial trials, and 14% were
A-trials. A-trials were excluded from all further analyses. For the D-initial trials,
the time window during which shifts from the distracter to the target picture were
considered to be correct was defined as extending from 625 msec to 2,000 msec.
The lower cutoff of 625 msec accommodated both the time required to disengage
from one picture and initiate a shift to another picture (ca. 300–360 msec accord-
ing to Haith, Wentworth, & Canfield, 1993) as well as the scorer’s estimated la-
tency to press the button on the button box (ca. 300 msec). The upper cutoff of
2,000 msec used in these analyses was consistent with previous research by
Swingley et al. (1999).

Grouping Variables

Children’s age and level of lexical development were the two grouping variables of
interest in this research. By grouping the same children first by age and then by vo-
cabulary size, our goal was to determine the extent to which either or both of these
factors was associated with the accuracy and speed with which infants were able to
identify spoken words under different conditions of stimulus integrity. For the
analyses by age, children were grouped into four age levels: 12 to 14 months (n =
22, M age = 12.6), 15 to 18 months (n = 25, M age = 16.4), 19 to 23 months (n = 30,
M age = 20.6), and 24 to 31 months (n = 18, M age = 25.7). For the analyses by vo-
cabulary, the same children were reassigned to another set of four groups: 0 to 20
words (n = 27, M words = 6.9), 21 to 99 words (n = 31, M words = 52.9), 100 to 300
words (n = 21, M words = 183.2), and more than 300 words (n = 16, M words =
462.4). These particular age and vocabulary groupings were chosen to reflect win-
dows of maximal homogeneity within groups and maximal change between
groups, based on our previous behavioral work on vocabulary development across
this age range (Bates & Goodman, 1997; Caselli, Bates, et al., 1995; Caselli,
Casadio, & Bates, 1999). The split into four vocabulary groups was based on previ-
ous research using the MacArthur-Bates CDI as well as careful preliminary analy-
ses of the MacArthur-Bates CDI data for our sample. Both suggested breakpoints
in the developmental curves for vocabulary production at the following levels:
more than 20 words, more than 100 words, and more than 300 words. Within the
0-to-20-word level, words are typically integrated in a piece-meal fashion as the
child’s vocabulary expands at a slow rate. The rate of growth catches up at the next
level with faster integration of new words typically from around 50 words onward.
Between 100 and 300 words, word combinations get off the ground along with
more rapid integration of new words. Above 300 words the development of gram-
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mar is well underway; the children’s language has increased not only in mean
length of utterance but also in the use of grammatical morphemes. In the same
vein, these age groupings reflect the average windows within which changes in the
rate of learning as well as the composition of vocabulary have been observed in nu-
merous previous studies (e.g., Caselli, Casadio, & Bates, 2001).

RESULTS

Accuracy of Word Recognition

For each child mean accuracy scores were calculated for responses in each of the
three perceptual conditions, based on the proportion of looking time to the target
picture in each of the two 1-sec time windows. The goal of the first analysis was to
verify that children’s looking to the target picture increased from the first to the
second 1-sec time window, indicating that they oriented selectively to the match-
ing picture as the target word unfolded. To confirm that there was indeed a differ-
ence between the first and second time windows, we conducted a 2 (time window)
× 3 (perceptual condition) within-subjects analysis of variance (ANOVA). This
analysis yielded significant main effects of time window, F(2, 188) = 107.25, p <
.0001, and perceptual condition, F(2, 188) = 24.44, p < .0001, as well as a Time
Window × Perceptual Condition interaction, F(4, 376) = 14.02, p < .0001. The
main effect of time window confirmed that the mean proportion of looking to the
target was significantly greater in the second time window (M = .60, SE = .01) than
in the first (M = .48, SE = .007), demonstrating that target recognition increased
over time.

The main effect of perceptual condition revealed that children’s accuracy varied
with the acoustic integrity of the target word. Accuracy scores were highest in re-
sponse to unaltered speech (M = .58, SE = .009), somewhat lower with compressed
speech (M = .55, SE = .01), and considerably lower with low-pass-filtered speech
(M = .49, SE = .009). Follow-up tests showed that the difference in accuracy scores
was significant between unaltered and compressed, unaltered and low-pass-fil-
tered, as well as compressed and low-pass-filtered words, ps < .05. The Time Win-
dow × Perceptual Condition interaction is illustrated in Figure 1. To explore the
source of the interaction, we conducted separate one-way ANOVAs for each time
window with perceptual condition as a within-subjects variable. The analyses
yielded a main effect of perceptual condition in the first 1-sec time window, F(2,
188) = 5.70, p < .005, as well as in the second 1-sec time window, F(2,188) =
30.49, p < .0001. Follow-up tests were conducted to further examine the main ef-
fect of perceptual condition in each time window. In the first 1-sec time window,
accuracy scores were significantly higher in unaltered compared to compressed
and low-pass-filtered words, ps <. 05. In the second 1-sec time window, accuracy
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scores were significantly higher in unaltered and compressed compared to
low-pass-filtered words, ps < .05. The difference between unaltered and com-
pressed words was no longer significant. Because children’s accuracy in target rec-
ognition peaked in the second 1-sec time window, we focused exclusively on this
time window in all subsequent analyses.

The goal of the next set of analyses was to examine children’s accuracy in re-
sponding to the target word first in relation to age and then in relation to vocabulary
size. Starting with the analysis by age, we compared the mean proportions of cor-
rect looking time to the target picture during the second 1-sec time window in a 4
(age group) × 3 (perceptual condition) mixed ANOVA, with age group as a be-
tween-subject variable and perceptual condition as a within-subjects variable.

The main effect of age group was significant, F(3, 91) = 10.24, p < .0001, re-
flecting an increase in performance with increasing age, from a mean of .52 (SE =
.018) at 12 to 14 months to a mean of .66 (SE = .02) at 24-plus months. There was
also a significant main effect of perceptual condition, F(2, 182) = 36.44, p < .0001.
Accuracy was highest overall in the unaltered speech condition (M = .65, SE = .01),
slightly lower in the compressed speech condition (M = .63, SE = .018), and worst
in the low-pass-filtered speech condition (M = .52, SE = .014). Follow-up tests
showed that the accuracy scores differed significantly between unaltered and
low-pass-filtered, as well as between compressed and low-pass-filtered words, ps
< .05. The interaction of Age Group × Perceptual Condition was also significant,
F(6, 182) = 4.30, p < .0004. As illustrated in Figure 2, this interaction reflects the
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FIGURE 1 Accuracy across two 1-sec time windows. Proportional accuracy is plotted sepa-
rately for normal, time-compressed, and low-pass-filtered words for each accuracy window.
The vertical axis indicates the children’s proportion of target fixations; the horizontal axis indi-
cates the two time windows (first second = first 1-sec time window; second second = second
1-sec time window).



finding that the older children responded more accurately than the younger chil-
dren to both unaltered and compressed speech, whereas performance hovered near
chance across all ages for filtered words. Post hoc Tukey honestly significant dif-
ference (HSD) test analyses, ps < .05, showed significant improvements in accu-
racy between the 12-to-14-month-old and 15-to-18-month-old age groups, and be-
tween the 15-to-18-month-old and 24-to-31-month-old age groups, on unaltered
speech trials. Accuracy on the compressed word trials also increased reliably from
the 12-to-14-month-old age group to the 15-to-18-month-old group and then con-
tinued to increase gradually, although improvements were not significant. In con-
trast to children’s responses to unaltered and compressed target words, their suc-
cess in recognizing target words in low-pass-filtered speech did not change at all
across age levels.

In a parallel analysis on the same data, the children were grouped by vocabulary
size instead of age. As illustrated in Figure 3, this analysis yielded comparable re-
sults with significant main effects of vocabulary level, F(3, 91) = 13.06, p < .0001,
and perceptual condition, F(2, 182) = 35.41, p < .0001, as well a significant Per-
ceptual Condition × Vocabulary Level interaction, F(6,182) = 4.12, p < .001. Al-
though the direction and the magnitude of the interaction were similar to those of
the interaction that emerged when children were grouped by age, there was an im-
portant difference. Contrary to our findings when children were grouped by age
level, grouping the children by vocabulary size revealed significant differences in
target recognition in all three conditions, including the low-pass-filtered condition:
unaltered, F(3, 91) = 14.36, p < .0001; compressed, F(3, 91) = 7.36, p < .0001;
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FIGURE 2 Accuracy grouped over Age Levels—Second Time Window. Proportional accu-
racy is plotted separately for normal, time-compressed, and low-pass-filtered words. The verti-
cal axis indicates the children’s proportion of target fixations; the horizontal axis indicates the
four age levels.



low-pass-filtered, F(3, 91) = 4.03, p < .01. In fact, post hoc Tukey HSD test analy-
ses (ps < .05) indicated that children in the 100-to-300-word group were signifi-
cantly better at recognizing low-pass-filtered words than were children in the
21-to-99-word group. Unexpectedly, we found that children’s success in recogniz-
ing low-pass-filtered words dropped for the highest group (i.e., those with more
than 300 words), a discrepancy to be considered further in the Discussion.

In summary, these analyses of children’s accuracy in online recognition of spo-
ken target words showed that success in word recognition varied with the acoustic
integrity of the speech stimulus and with both the age and vocabulary size of the
child. Taken together, accuracy in target recognition was higher in unaltered and
compressed words as compared to low-pass-filtered words. Target recognition in
unaltered and compressed words improved both with age and expressive vocabu-
lary size. Increased performance in low-pass-filtered words was evident only when
children were grouped by vocabulary size, and then only in children in the
100-to-300-word group.

In the previous analyses we found that grouping children by vocabulary size re-
vealed group differences that did not emerge when the same children were grouped
by age. This finding suggests that vocabulary size may be more sensitive than age
in predicting differences in children’s success in identifying words that vary in
acoustic integrity. However, age and vocabulary are of course highly correlated in
our sample of children (+0.71, p < .0001). As shown in the cross-tabulation of age
and vocabulary groupings in Table 3, most of the children fall on the diagonal.
Thus it would not be legitimate to use both age and vocabulary size as factors in the
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FIGURE 3 Accuracy grouped over expressive Vocabulary Levels—Second Time Window.
Proportional accuracy is plotted separately for normal, time-compressed, and low-pass-filtered
words. The vertical axis indicates the children’s proportion of target fixations; the horizontal
axis indicates the four vocabulary levels.



same design. The only way to evaluate the relative contributions of age and vocab-
ulary size is in a multivariate design that examines the effect of one variable while
controlling for the other. Thus we conducted a final set of analyses on the accuracy
data to determine whether age and vocabulary levels accounted for the same or
separable variance in our looking-time measures. Each of the ANOVAs reported
earlier was repeated as an analysis of covariance (ANCOVA). In the age group
analysis, vocabulary level was used as a covariate; in the vocabulary group analy-
sis, age group was used as a covariate.

In the ANCOVA with age group as the between-subject factor, the effect of age
on accuracy was no longer significant when vocabulary level was controlled, F(3,
90) = 1.85, ns. However, a significant contribution from the vocabulary covariate
was noted, F(1, 90) = 11.41, p < .001. The significant effect of perceptual condi-
tion and the Age Group × Perceptual Condition interaction found in the original
analysis were confirmed in the ANCOVA. Because the vocabulary level covariate
did not interact with perceptual condition, we can be confident that assumptions on
the use of covariance analysis were respected here. We can thus conclude that chil-
dren’s vocabulary size was a more important factor than age in determining their
overall accuracy in spoken-word recognition.

In the converse analysis using vocabulary level as the between-subject factor and
agegroupasacovariate, themaineffectofvocabulary levelonaccuracycontinued to
reach significance, F(3, 90) = 3.91, p < .01, although the contribution of the age
group covariate as a main effect did not reach significance, p < .13. The fact that age
group did not interact significantly with perceptual condition again indicates that we
have respected the assumptions of analysis of covariance. However, this ANCOVA
produced somewhat different results from the original vocabulary level analysis
without a covariate. Whereas the main effects of perceptual condition and the Per-
ceptual Condition × Vocabulary Level interaction did reach significance in the origi-
nal analysis, both failed to reach significance when continuous effects of age were
controlled: perceptual condition, F(2, 180), p < 1.0, ns; Perceptual Condition × Vo-
cabulary Level, F(3, 180), p < 1.2, ns. We can thus conclude that the main effect of
vocabulary level was more robust than the effect of age group in our analyses of chil-
dren’saccuracy in targetwordrecognition,althoughbothfactorswere influential.
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TABLE 3
Cross-tabulation of Expressive Vocabulary Size by Age Groupings

Age 12–14 Months 15–18 Months 19–23 Months 24–31 Months

0–100 words 17 8 2 0
101–200 words 5 11 11 4
201–300 words 0 6 13 2
more than 300 words 0 0 4 12



Speed of Word Recognition

Our next goal was to examine the effects of age, vocabulary size, and stimulus in-
tegrity on speed of word recognition by children age 12 to 24-plus months. We thus
conducted a series of analyses on RT that paralleled the analyses of accuracy
scores presented in the previous section. Having established that accuracy in word
recognition varied with the integrity of the target word as well as with age and vo-
cabulary size, our first question was whether infants’ response times also differed
as a function of perceptual condition. It should be noted that mean RT data was not
available for all participants in all three perceptual conditions. Twenty-two of the
95 children in the sample had missing means in one or more of the three conditions
and thus could not be included in the analyses. Again, two sets of analyses were
conducted—one in relation to age and one in relation to vocabulary size.

In the first analysis we examined the mean RT of children’s responses to spoken
target words as a function of stimulus integrity and age group. A 4 (age group) × 3
(perceptual condition) mixed ANOVA revealed a significant main effect of percep-
tual condition, F(2, 138) = 6.80, p < .01. Examination of the cell means showed
that RTs were significantly faster in the compressed speech condition (M = 1,062
ms; SE = 33) as compared to both the unaltered (M = 1,144 msec; SE = 27) and
low-pass-filtered (M = 1,192 msec; SE = 32) conditions at ps < .05. RTs to normal
and filtered words did not reliably differ from each other. The finding that children
responded fastest to compressed words is interesting because in this condition
complete phonetic information specifying the target word was available earlier
than in unaltered speech. However, contrary to our predictions, the main effect of
age group failed to reach significance, F(3, 69) = 2.09, ns. Thus, in contrast to our
finding of age-related differences in accuracy scores, we did not find differences in
RT using chronological age as a grouping variable. The Age Group × Perceptual
Condition interaction was not significant.

Next we conducted the parallel analysis of mean RTs to spoken target words
with vocabulary level as the between-subject factor. Whereas the effect of age
group was not significant in the previous analysis, the main effect of vocabulary
level on differences in RT was significant, F(3, 69) = 5.21, p < .01, reflecting a de-
crease in mean RT across the four vocabulary levels: fewer than 20 words (M =
1,207 msec; SE = 43), 21 to 99 words (M = 1,196 msec; SE = 26), 100 to 300 words
(M = 1,082 msec; SE = 34), and more than 300 words (M = 990 msec, SE = 40).
Post hoc tests showed that the difference in mean RT between the lowest and the
highest vocabulary levels was significant, with no significant differences between
the other groups.

When children were grouped by vocabulary level, the main effect of perceptual
condition was also significant, F (2, 138) = 8.20, p < .0004, just as we found when
children were grouped by age. To examine further the effects of stimulus integrity
on RT, we conducted follow-up tests within each perceptual condition. One-way
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ANOVAs were conducted for each of the three conditions, first grouping the chil-
dren by age and then by vocabulary level. We found significant effects for age
group, F(3,69) = 5.82, p < .001, and vocabulary level, F(3,69) = 7.05, p < .0003,
but only in children’s responses to unaltered speech. Post hoc tests showed that
children significantly increased their response speed from the 15- to 18-month (or
20–99-word) group to the 24-plus-month (or 300-plus-word) group. The gradual
decrease in RT from 15 to 18 months onward is consistent with earlier findings by
Fernald et al. (1998) in children ranging from 15 to 24 months of age. Note that the
absolute differences in mean RTs between our results and those reported by
Fernald et al. (1998) can be explained by the fact that we used a button-press box in
this study rather than coding frame-by-frame, thus adding the circa 300-msec re-
sponse latency of the observer to children’s “raw” response times.

Although the effects of age and vocabulary level were significant only for unal-
tered speech, there were marginally significant effects of vocabulary level for both
compressed and low-pass-filtered speech, ps < .08. For compressed words, mean
RTs dropped from 1,162 msec in the 21- to 99-word group to 945 msec in the
300-plus-word group. For filtered words as well, the effect of vocabulary level was
marginally significant, reflecting a gradual decrease in RT with increasing vocabu-
lary. Mean RTs dropped from 1,331 msec in children with fewer than 20 words to
1,087 msec in children with more than 300 words. The important point here is that
vocabulary grouping had a reliable overall effect on RTs whereas age did not, al-
though the most straightforward patterns of change related to either vocabulary
size or age were found for unaltered speech.

These analyses suggest that for RT differences just as for differences in accu-
racy, vocabulary size might be a stronger predictor of children’s performance than
is age. To test this hypothesis more rigorously, we once again used separate
ANCOVAs in which children were grouped either by age or by vocabulary size,
with the other grouping variable included as a covariate, parallel to our ANCOVA
analyses of accuracy scores. In the ANCOVA using age group as the between-sub-
ject variable, there was no main effect of age group after vocabulary level was con-
trolled, F (3, 68), p < .13, ns. However, there was a significant contribution of vo-
cabulary level as a covariate, F(1, 68) = 7.22, p < .009. No other main effects or
interactions reached significance in this analysis, suggesting that controlling for
vocabulary level removes detectable effects of stimulus integrity and age on RTs.
In the corresponding ANCOVA using vocabulary level as the between-subject
variable, a main effect of vocabulary level on RTs remained despite the control for
levels of age group, F(3, 68) = 2.97, p < .04, whereas age group failed to make a
significant contribution as a covariate, p < .90, ns. Again, no other significant main
effects or interactions were observed. An examination of the marginal means for
vocabulary level in this covariance analysis (i.e., the estimated means after levels
of age group were controlled) revealed a pattern similar to the one reported for the
simple ANOVA: mean RT for children with 20 or fewer words was 1,204 msec (SE

198 ZANGL ET AL.



= 53); mean RT for children with 21 to 99 words was 1,196 msec (SE = 37); mean
RT for children with 100 to 300 words was 1,083 msec (SE = 45); and mean RT for
children with more than 300 words was 994 msec (SE = 60). These findings indi-
cate that children’s speed of response in spoken-word recognition is more strongly
related to productive vocabulary size than to age.

DISCUSSION

Studies of speech processing under adverse conditions by adults and older children
have shown that more taxing processing conditions affecting the integrity of the
speech signal—such as temporal acceleration, low-pass filtering, and addition of
white noise—can put speech comprehension at risk. As a result, responses may get
less accurate and slower. However, the ability of the young, language-learning child
to recognize speech under less optimal processing conditions is not well understood.
This study addressed this question by testing infant word recognition under optimal
conditions, in which the full acoustic spectrum was provided, and less optimal con-
ditions, in which speech was either time-compressed or low-pass-filtered.

One major finding of this research was that infants could recognize words even
under suboptimal conditions. They were able to recognize time-compressed as
well as low-pass-filtered words. However, the efficiency of word recognition under
these challenging conditions was dependent on the type of perceptual degradation
as well as on the child’s age and expressive vocabulary size. Word recognition was
best when the speech signal was unmodified, slightly lower when the speech signal
was accelerated, and severely disrupted when the speech signal was poor in its
spectral information.

Accuracy in Word Recognition

With regard to accuracy, time compression had a less severe impact on children’s
ability to recognize the labeled object than did low-pass filtering. Whereas the rec-
ognition of time-compressed words was surprisingly efficient from relatively early
on, the recognition of low-pass-filtered words was quite fragile even in children
with higher expressive vocabularies. Low-pass filtering a word that was identified
without problems in its unaltered form disrupted the normal response to the word
to a degree unexpected in its magnitude. This difference was much more drastic
than in a previous pilot study of adults (even when using more severe degradation
levels in each condition). Studies of older children by Eisenberg et al. (2000) and
Dorman et al. (1998), who observed long-term developmental learning effects un-
der conditions of spectral degradation, have suggested that reduced spectral infor-
mation poses severe problems for the young learner. In view of their results it is not
surprising that low-pass filtering had an even more deleterious effect on infants. It
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remains to be determined how much degradation is required to set off these effects.
Using word-initial mispronunciations, Swingley and Aslin (2000) documented
significant reductions in speed and accuracy when recognizing target words but the
effects observed in their study were much milder than those observed in ours. The
mild costs of time compression compared to the severe costs of low-pass filtering
suggest that signal length and signal clarity play different roles in early word com-
prehension, indicating that young word learners are much more vulnerable to poor
acoustic quality of the speech signal than to variations in its length, at least within
the ranges tested here.

Speed of Word Recognition

With regard to RTs, several findings emerged. First, somewhat surprisingly, the
fastest RTs were observed in children’s responses to compressed rather than unal-
tered speech. However, as predicted, the slowest RTs were observed in the very dif-
ficult filtered condition. The RT advantage for compressed speech probably re-
flects the fact that because these compressed words were twice as fast, complete
information for word identification was available twice as fast. This indicates that
the early availability of lexical information is evidently an advantage that out-
weighs the mild disadvantage imposed by this degree of compression. Second,
straightforward developmental effects on RTs were observed only for unaltered
speech. For time-compressed and low-pass-filtered words there was a trend toward
developmental changes in RT only when children were grouped by vocabulary
level. Altogether, it is reassuring that our findings for unaltered speech are largely
congruent with a previous study by Fernald et al. (1998) in perceptually normal
word stimuli using frame-by-frame coding. Overall, the developmental changes
we found for RT were less robust than those observed for accuracy. We suggest
three possibilities that might account for this difference. First, infants’speed in rec-
ognizing familiar spoken words was assessed by using a button-press box that in-
evitably introduced additional variability due to the response latency of the coder,
that is, the amount of time it took the coder to press the button indicating a change
in the child’s direction of gaze. Using frame-by-frame coding can eliminate this
variability, yielding more precise and reliable measurement of children’s RT
(Fernald et al., 1998). Second, RTs are calculated from distracter-initial trials only,
whereas accuracy scores were calculated from both distracter- and target-initial
trials. Furthermore, missing RTs in 22 children in one or more of the three percep-
tual conditions also reduced the population of trials that was available for assessing
infants’ response speed. Thus, reductions in both the number of trials per partici-
pant and the number of participants included unfortunately reduced the power in
these analyses. Third, straightforward developmental effects on RTs in acousti-
cally more challenging conditions may emerge later and thus would be evident in
children beyond the ages tested here.
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Contributions of Age and Vocabulary Size to
Efficiency in Word Recognition

Finally, one of our major goals was to compare age and vocabulary size as converg-
ing but partially independent predictors of infant word recognition. This was ad-
dressed by grouping the same children once by age levels and then again by levels
of expressive vocabulary size. Additionally, this question was extended to a larger
array of stimuli and developmental levels than have been used in previous research
using comparable methods. This complex experimental design yielded several im-
portant findings.

The major finding was that efficiency in word recognition increased both with
the age of the children and with the size of their productive vocabulary. However,
there were important differences among the three conditions of stimulus integrity.
In the ANCOVAs over accuracy, vocabulary size made a unique contribution to
differences in the reliability of children’s responses to spoken words. In the
ANCOVAs over RTs, again the only significant predictor of response speed was
vocabulary size.

For unaltered words, accuracy in recognizing familiar words increased the older
the children got and the more words they produced. Significant developmental
changes in accuracy were evident between the 12-to-14-month and the
15-to-18-month groups, and between the 15-to-18-month and the 24-to-31-month
groups. As for speed, RTs did not decrease in children prior to the 15-month or
20-word levels. From then on children responded more quickly with increasing
age and vocabulary size.

For compressed words, somewhat surprisingly, overall accuracy was only
slightly lower than accuracy in unaltered words. After a reliable increase in target
recognition from the 12-to-14-month group to the 15-to-18-month group, there
was a gradual increase from then on, although this increase was not significant.
The fact that children could recognize time-compressed words quite easily sug-
gests that young listeners can cope with speech speeded up by 50% compared to
the normal rate, with “normal” referring to infant-directed speech. In terms of re-
sponse speed, a developmental trend with decreasing RTs from the 21-to-99-word
group onward was evident when children were grouped by levels of vocabulary.
Age groupings did not show a developmental trend.

For filtered words, the following developmental picture emerged. Expressive
vocabulary size proved to be a more sensitive index of the child’s performance than
was chronological age in the filtered condition. When children were grouped by
age, there was no evidence of an increase in performance in recognizing
low-pass-filtered words at any point from 12 to 31 months of age. However, when
children were grouped by vocabulary, improved performance on filtered word tri-
als was evident in children with 100 to 300 words in their vocabularies. Oddly, per-
formance on filtered words then appeared to decrease in those children with the
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largest vocabularies. Closer inspection of the looking pattern in 300-plus-word
group offered a possible explanation for this anomaly. When these children hap-
pened to start out the trial already looking at the target picture, they tended to shift
away quickly, checking back at the distracter picture before returning to the correct
picture later on in the trial. Because this behavior was not observed in any of the
other perceptual conditions or groups, it suggests that the distracter check may
have served to verify that the child was indeed fixating the correct picture. Given
the poor acoustic quality of the target word, it was as if these children were saying
to themselves, “Did she actually say dog?” As for speed, only when children were
grouped by vocabulary level was there a developmental trend with a gradual de-
crease in RTs. When children were grouped by age, RTs stayed more or less flat
across the age groups.

Why did vocabulary and age groupings produce divergent results for accuracy
in this particular condition? Although age and vocabulary are highly correlated,
when children were grouped by age levels, some children with higher and lower
vocabularies ended up in the same pool. Correct performance of children with
higher vocabularies may have been concealed by random performance of children
with lower vocabularies. It seems that with increasing processing “costs,” as in
cases of spectral reduction, resilience in the face of more taxing listening condi-
tions can be better predicted by expressive vocabulary than by chronological age.
However, target recognition in low-pass-filtered words was much lower than that
obtained in unaltered and compressed words in the same children. Children in the
100-to-300-word group improved in accuracy on filtered word trials as compared
to younger infants. Although the difference between the 100-to-300 group and the
300-plus group was not significant, there was evidence that the lexically most ad-
vanced children improved in accuracy as well. This suggests a link between speech
production and online word comprehension showing that children who have more
advanced lexical skills are less vulnerable to challenges in the speech signal. Links
between speech production and comprehension have been documented earlier
through observational studies reporting a correlation between number of words
produced and number of words comprehended in the 2nd year (Bates, Bretherton
& Snyder, 1988) as well as more recently through online word recognition sug-
gesting that children with higher vocabularies are also more efficient in speech
processing (Fernald et al., 2001; Fernald, Perfors, & Marchman, in press). This
study supports these results and extends the connection between production and
comprehension to the domain of acoustic manipulation.

We suggest three possibilities that may at least partly explain the fact that the
recognition of low-pass-filtered words was generally more advanced in higher vo-
cabulary groups. First, this result may relate to the connection between expressive
vocabulary size and strength of lexical representations. Generally, little is known
to what extent lexical representations are specified in young learners. Although it
was previously assumed that young learners have only vague representations of
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words (Walley, 1993), more recent research has suggested that children as young
as 14 months may already have well-specified lexical representations for familiar
words (Swingley & Aslin, 2000, 2002). Werker and colleagues (2002), however,
suggested that when learning words young children may not be able to use all the
phonetic detail that is perceptually available to them because of the high computa-
tional demands involved in word learning. According to this reasoning, language
novices fail to establish a correct match between word form and its meaning be-
cause they simply run out of attentional resources. Older, more linguistically expe-
rienced children on the other hand may use attentional resources more efficiently
and, as a result, successfully link a newly heard word with a new object.

Although this research does not allow us to directly address the question of
how lexical representations are specified in young learners, the more advanced
performance of children with higher vocabularies in recognizing filtered words
may indicate a relationship between vocabulary size and strength of lexical rep-
resentations in a more challenging listening condition. Children who produce
more words may simply be better in recognizing spectrally poor words because
they have more mature, more robust lexical representations and may require less
spectral information for a word to recognize it. However, children with fewer
words may have less solid lexical representations that are more vulnerable to
“added challenge,” requiring more acoustic information to recognize a word.
Thus, in this account only strongest representations “survived” and enabled the
activation of the appropriate response. This reasoning is in line with a “graded
representations” account proposed by Munakata (2001). According to this ac-
count, the acquisition of knowledge is viewed as graded rather than all-or-none,
which means that learners may succeed in less demanding but fail in more de-
manding conditions when performing a task. In this context this then suggests
that weaker lexical representations may be sufficient for success in word recog-
nition in the less demanding normal and compressed conditions. However, suc-
cess in the more challenging task of recognizing filtered words may require
stronger representations. Second, it is also possible that word frequency could at
least partly explain the result, an explanation that does not exclude the account
just offered. Perhaps children with higher vocabularies have had more experi-
ence with the words tested than have children with lower vocabularies. Along
these lines, more experience may have helped to identify a phonetically vaguely
specified word. Finally, children with higher vocabularies may show better per-
formance in filtered words because of developmental differences in nonlinguistic
cognitive capacities that may be necessary to cope with the more challenging
processing conditions of filtered words in this task (see Fernald et al., 2001). Ac-
cording to this logic, one possibility is that children with higher vocabularies de-
tect and encode low-level perceptual information more efficiently and rely on
more advanced attentional resources, which may allow a more successful map-
ping of the word form and its meaning (see Werker et al., 2002).
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These various explanations all support the point that success in word recogni-
tion in more challenging listening conditions may depend on a complex interplay
of linguistic as well as nonlinguistic cognitive factors, all of which may be in-
volved in the rapid and reliable recognition of familiar words spoken under differ-
ent conditions of stimulus integrity. However, the size of the expressive vocabulary
unambiguously plays an important role. Although we have data only on children’s
productive vocabulary size at a particular time and not on their rate or pattern of
vocabulary acquisition, it is still interesting to note that the ability to recognize fil-
tered words emerged around the time that children are reported to experience an
acceleration in their lexical development, commonly referred to as the “vocabulary
spurt” (Fenson et al., 1994).

Swingley and Aslin (2000) reported that effects of word-initial mispronuncia-
tions were not related to age or to spoken vocabulary size in their study. However,
several studies have documented a relationship between children’s vocabulary size
and their speech-processing abilities in this age range (Bates & Goodman, 1997;
Fernald et al., 2001; Mills, 1999; Mills et al., 1997). In a recent longitudinal study,
Fernald et al. (in press) found that measures of speed and accuracy in online word
recognition by 25-month-old children were consistently correlated with receptive
and productive vocabulary measures at earlier ages. A relationship between vocab-
ulary size and spoken-word recognition has also been reported recently in older
children (3–8 years of age; Munson, 2001). Using two spoken-word recognition
tasks —gated words (where the final stop in a consonant-vowel-consonant-combi-
nation was deleted) and noise-center words (where the initial vowel was replaced
by broadband noise)—Munson demonstrated that receptive and productive vocab-
ulary size were reliable predictors of a significant proportion of variance in chil-
dren’s ability to recognize spoken words under challenging conditions. Interest-
ingly, vocabulary was a better predictor than were other measures such as
preliteracy skills, phonological awareness, and articulation accuracy. The fact that
vocabulary size proved to be a powerful predictor of success in word recognition
suggests to us that there are major changes in the efficiency of lexical processing
emerging as expressive vocabulary increases (see Reznick & Goldfield, 1992).

CONCLUSION

In summary, it is impressive that infants just learning words and building their
grammar can identify words in a variety of acoustic contexts. This ability, however,
is still rudimentary and the child’s efficiency can be mildly disrupted by speeding
up the respective target and more severely disrupted by reducing the amount of
spectral information. Independent of the magnitude of the disruption, this study
suggests that children’s early word comprehension skills are strong enough to
withstand temporal as well as spectral manipulations within certain limits. Most
importantly, the results indicate that children develop higher resilience to acoustic
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challenges such as time compression and low-pass filtering with increasing lan-
guage experience. Furthermore, developmental profiles in general seem to be
better predicted by levels of vocabulary than by levels of age. This finding also illu-
minates the connection between receptive skills, measured as the information
about the target word unfolds in real time, and productive skills, measured by pa-
rental report: There was evidence suggesting that more advanced expressive lexi-
cal development might be related to greater resilience when confronted with spec-
tral degradation in an online word-recognition task. The fact that infants in their
2nd year of life are able to establish a connection between an acoustically modified
sound form and the appropriate visual referent clearly demonstrates that efficiency
in speech processing is well underway by then. We note in concluding that such an
approach, emphasizing the “strength” or “shakiness” of linguistic knowledge as a
factor in language-related behavior, has also proven useful in developmental stud-
ies of nonlinguistic cognition from the 1st year of life (Munakata, McClelland,
Johnson, & Siegler, 1997). Hence this approach to early word understanding may
be part of a unified theory of cognitive development in which knowledge and effi-
ciency are two aspects of the same processes of development and change.
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