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ABSTRACT

Adult listeners perceive pitch with fine precision, with
many adults capable of discriminating less than a 1 %
change in fundamental frequency (F0). Although there is
variability across individuals, this precise pitch percep-
tion is an ability ascribed to cortical functions that are
also important for speech and music perception. Infants
display neural immaturity in the auditory cortex, sug-
gesting that pitch discrimination may improve through-
out infancy. In two experiments, we tested the limits of
FO (pitch) and spectral centroid (timbre) perception in
66 infants and 31 adults. Contrary to expectations, we
found that infants at both 3 and 7 months were able to
reliably detect small changes in FO in the presence of
random variations in spectral content, and vice versa,
to the extent that their performance matched that of
adults with musical training and exceeded that of adults
without musical training. The results indicate high fidelity
of FO and spectral-envelope coding in infants, implying
that fully mature cortical processing is not necessary for
accurate discrimination of these features. The surprising
difference in performance between infants and musically
untrained adults may reflect a developmental trajectory
for learning natural statistical covariations between pitch
and timbre that improves coding efficiency but results in
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degraded performance in adults without musical training
when expectations for such covariations are violated.

Keywords: cortical maturation, auditory
development, pitch perception, timbre perception

INTRODUCTION

Pitch is a fundamental perceptual attribute of sound that
can be ordered on a scale from high to low, and is
most closely related to the fundamental frequency (F0)
or repetition rate of a stimulus (ANSI 2013). Some adult
listeners perceive pitch with extremely fine precision, with
the ability to discriminate less than a 1 % change in FO,
particularly after training (e.g., Lau et al. 2017b; Micheyl
et al. 2006). Studies investigating the neural correlates of
pitch in humans and other primates have indicated the
involvement of the auditory cortex in the processing of
pitch-evoking sounds (Zatorre et al. 1992; Penagos et al.
2004; Bendor and Wang 2005; Norman-Haignere et al.
2013).

Infant pitch perception is interesting in this regard
because of the protracted development of the central
auditory system, including the auditory cortex (Moore
and Guan 2001). Although infants begin responding
to sound in the third trimester of gestation (Birnholz
and Benacerraf 1983), it is hypothesized that brainstem
processing supports early responses to sound because
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of cortical immaturity (Eggermont and Moore 2012;
Lau and Werner 2012). Given the hypothesized cortical
involvement in pitch, and its slow developmental trajec-
tory, it may be that infant pitch perception is similarly
slow to develop.

Many studies have shown that infants are sensitive to
large frequency or FO changes in both speech and music
during the first few months of life. Infants can discrimi-
nate the frequency of pure tones (Olsho 1984), the FO
of complex tones (Montgomery and Clarkson 1997; He
and Trainor 2009; Lau and Werner 2012, 2014), and
musical melodies (Trehub et al. 1985; Plantinga and
Trainor 2009; Lau et al. 2017a), as well as lexical tones
(Mattock et al. 2008) and FO contours of syllables and
words (Karzon and Nicholas 1989). Although infants
perceive pitch, it is unclear whether they are able to
discriminate subtle changes with the acuity of adult
listeners. For pure tones, infants discriminate changes
in frequency as well as adults by 6 months at high fre-
quencies (Olsho 1984) but at low frequencies, discrimi-
nation thresholds do not seem to reach adult-like levels
until 13—14 years of age (Maxon and Hochberg 1982).
Immature pure-tone frequency-discrimination thresh-
olds have also been reported for school-aged children
at both high and low frequencies (Buss et al. 2014).
However, as Buss et al. point out, children’s perfor-
mance 1s likely influenced by non-sensory factors such
as memory, sustained attention, and testing method
(Buss et al. 2014). Furthermore, with pure tones, it is
difficult to determine whether participants are discrimi-
nating on the basis of pitch or a change in timbre.

To investigate the influence of cortical maturation on
pitch perception of complex tones, we compared FO dis-
crimination in 3-month-olds, 7-month-olds, and adults.
To prevent participants from using the lowest spectral
edge or the spectral centroid of the stimulus rather than
the FO (e.g., Houtsma and Smurzynski 1990), random
variations in the spectral content were introduced, which
resulted in changes in the sounds’ perceived bright-
ness, one dimension of timbre — the perceptual aspect
of sound that allows us to distinguish between differ-
ent instruments (e.g., a piano and a violin) or voices
(e.g., male and female) when they produce the same pitch
at the same loudness. Infants at 3 and 7 months were
tested because the organization of the auditory pathways
appears to be distinctly different at these two ages. At
3 months, the auditory cortex is markedly immature,
with activation of only the most superficial layer of the
cortex by the reticular activating system; by 7 months,
thalamocortical connections show increasing axonal con-
duction velocity, although significant immaturities in the
auditory cortex persist (Eggermont and Moore 2012). To
the extent that the thalamocortical pathways are required
for precise FO perception, we predicted a trajectory of
improving FO discrimination abilities from 3-month-olds
to 7-month-olds to adults.

EXPERIMENT 1: FO DISCRIMINATION
WITH SPECTRAL VARIATION

This experiment tested the limits of infants’ and adults’
ability to detect a change in the FO (the physical corre-
late of pitch) within a sequence of complex tones, each
containing a random selection of consecutive harmon-
ics, leading to random changes in brightness from tone
to tone. In some sequences, a change in the FO was
introduced (“change” trial; Fig. 1A); in others, the FO
remained constant throughout the sequence (“no-change”
trial; Fig. 1B). The same observer-based psychophysi-
cal procedure (Werner 1995) was used for both infants
and adults, so that their discrimination abilities could be
compared directly.

Method
Farticipants

Participants were 26 infants, including 13 3-month-olds
(7 female and 6 male) and 13 7-month-olds (8 female
and 5 male), and 21 adults, including 10 (9 female and
I male) with little or no musical training and 11 (6
female and 5 male) with 2 or more years of formal
musical training, including school band or choir. Adults
with musical training can typically discriminate smaller
changes in FO than non-musicians prior to explicit train-
ing (Micheyl et al. 2006; Madsen et al. 2019) and were
included in order to obtain a full range of adult FO
discrimination abilities. A sample size of 10 per group
was determined a priori based on estimates of variability
obtained from our previous studies of infant pitch per-
ception (Lau and Werner 2012, 2014; Lau et al. 2017a)
and was sufficient to detect a difference between groups
when one group reliably reaches criterion performance
on the task (80 % or more meet criterion) and another
group does not (20 % or fewer meet criterion) with a
power (1-B) of 0.8 and probability (a) of 0.05 (Rosner
1995, p. 384).

All infants were born full term, had no history of otitis
media within 2 weeks of testing, had no history of health
or developmental concerns, and had passed their new-
born hearing screening. Infants in each group completed
testing within 10 days of the specified age. Adult par-
ticipants were between 18 and 30 years of age, reported
normal hearing, and had no prior participation in psy-
choacoustic experiments. Adult participants were required
to pass an audiometric screening at 20 dB hearing level
at octave frequencies between 250 and 8000 Hz at the
time of testing. Data were excluded from five additional
infants (4 failed training due to fussiness or inattention,
| failed tympanometric screen) and five additional adults
(4 failed training, | failed to complete testing). Adult
participants were tested over an average of 4 sessions
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Fic. 1 Schematic diagram of a change (A) and a no-change trial (B)
in experiment 1. A At the start of a session, background tones were
played repeatedly. Random variation of which harmonics were
included in the tone was used to produce changes in brightness but

within a single | h wvisit. Infants were tested over an
average of 7 sessions in up to three 1 h visits (mean=2.3
visits) because they required more breaks. All procedures
were conducted according to protocols approved by the
Institutional Review Board at the University of Wash-
ington (protocol #: 29,813, approved May 17, 2017) and
informed consent was obtained from all participants or
their legal guardians prior to testing.

Stimuli

The stimuli consisted of sequences of 650 ms harmonic
complex tones, including 50 ms linear rise/fall times, sep-
arated by 500 ms gaps. Six consecutive harmonics of each
complex tone were generated and then individually scaled
to produce slopes of 12 dB per octave, spectrally centered
on the complex tone, with no flat bandpass region. The
components were combined in random phase. The ran-
dom variation of harmonic numbers on each presentation
(with no energy at the FO itself) was incorporated to limit
participants’ ability to respond to spectral changes as
opposed to FO (e.g., Moore and Glasberg 1990; Moore
and Moore 2003; Micheyl and Oxenham 2004; Micheyl
et al. 2012); the 12 dB per octave slopes were incorpo-
rated in order to reduce any salient pitch cues related
to the spectral edges of the stimulus (e.g., Kohlrausch &
Houtsma, 1992).

Time

not a change in pitch (blue tones). On change trials, a pitch change
was introduced and the changed tones were played four times
(green tones; FO+AF0). B On no-change trials, the background
tones continued to play throughout the trial.

The baseline FO was around 200 Hz, similar to that
of an average female voice. Seven differences in FO
(AF0) were used, ranging from 0 to 5 %. The tones at
FO had lowest harmonic numbers ranging from 3 to 7,
and the tones at FO* AF0 had lowest harmonic num-
bers ranging from 2 to 6, thereby introducing random
variations in brightness. The standard FO was varied in
the range from 195 to 200 Hz between blocks with dif-
ferent AFO values to prevent repeated exposure to the
same background tones.

The complex tones were presented at an overall level
of 70 dB SPL and were embedded in a 65 dB SPL pink
noise (1 to 12,000 Hz) to reduce the audibility of any
distortion products. The stimuli were then presented via
an Etymotic ER-2 insert earphone to the right ear. Sound
pressure levels were calibrated in a Zwislocki coupler
and checked in the subject’s ear canal with an Etymotic
ER-7 probe microphone system at the start of testing. A
1 kHz pure tone was presented and if the sound pressure
level was not measured to be within 2 dB of the intended
sound level, the ER-2 insert earphone was removed and
replaced in the ear canal. Foam ear tips were shaved to fit
infant ear canals, as needed. Sound pressure levels were
subsequently rechecked before the start of testing. Testing
was conducted in a sound-attenuating booth. Half the
participants heard FO increases (+ AFO) while the other
half heard FO decreases (— AF0), randomly determined.
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Procedure

The task was to listen to the sequence of complex tones
and respond when there was an FO change. Only the
participant heard the stimuli, and the experimenter (who
was blind to the trial type) had to judge whether a change
trial was presented, based solely on the observed behav-
ior of the participant. This observer-based procedure has
a long history in both visual (Teller 1979) and auditory
(Werner 1995) psychophysics and has been widely used in
developmental studies (Lau and Werner 2012; Benasich
et al. 2014; Horn et al. 2017).

During testing, infants sat on a caregiver’s lap inside
a sound-attenuated booth. An assistant in the booth
manipulated toys to keep the infants facing midline.
There were two mechanical toys in a dark Plexiglas box
and a monitor to the participant’s right. Either the toys
were activated or a video was presented to reinforce the
infant’s response to a change in FO. The experimenter sat
outside the sound booth and observed through a window.
The adults in the booth were unable to hear the sounds
because the stimuli were presented to the infant via an
insert earphone. As an extra precaution, the caregiver
and assistant both wore circumaural headphones, with
the caregiver listening to music and the assistant listen-
ing to the experimenter’s instructions. The experimenter
outside the sound booth, who also could not hear the
experimental stimuli, wore headphones and a microphone
to communicate with the assistant inside the booth.

At the start of testing, background tones with the same
FO were played repeatedly. The experimenter initiated a
trial when the participant was quiet and facing midline.
To control for response bias, both change trials and no-
change trials were presented to calculate hit and false-
alarm rates, respectively (Green and Swets 1966). On
change trials, four consecutive tones at FO+ AF0O were
played before the tones reverted to FO (Fig. 1A); on no-
change trials, FO tones continued to repeat (Fig. 1B). The
experimenter had 4 s from trial onset to decide which
trial type had occurred. Typical behaviors used to make
judgments included infants’ eye-darts and head-turns
towards reinforcers (mechanical toys or video), as well as
facial expressions, like eye-widening. Computer feedback
was provided to the experimenter after each trial. Adult
participants sat alone in the booth and were instructed
simply to raise their hand when they heard the change
in sound that activated the toys. In all other respects, the
stimuli and procedure were the same for the adult and
infant participants.

Condlitioning and Training

Participants were trained to respond during a condi-
tioning phase with the pairing of a large FO change (5
% AF0) and the activation of mechanical animals or a
video. The probability of a change trial was 0.8 and the
reinforcer was activated after every change trial regardless

of the experimenter’s response. The experimenter had
to respond correctly on 4 of 5 consecutive change trials
and 1 no-change trial within a maximum of 15 trials to
progress to the training phase.

In the training phase, the task and stimuli were the
same, but the probability of a change trial was 0.5 and
the reinforcer was activated only when the experimenter
correctly identified a change trial. Participants were
required to achieve a hit rate of at least 80 % and a
false-alarm rate of at most 20 % over the last 5 change
and no-change trials within 40 trials in order to pass the
training phase. If the criterion was not met, the session
was discontinued, and participants were given a break.
Participants had up to four attempts to reach criterion to
progress to the test phases.

After passing the training phase, participants were
tested on up to 6 additional phases that presented pro-
gressively smaller FO changes, with the probability of a
change trial remaining at 0.5. The values of AFO were
2.5, 1.5, 1, 0.5, 0.25, and 0 % of the FO. In order to
progress to the next AF0, participants were required to
reach the pass criterion of at least an 80 % hit rate with
a false-alarm rate of at most 20 % on the last 5 change
trials and the last 5 no-change trials, corresponding to
a sensitivity (d') of about 1.68 or better. This equates
to correct responses on at least 4 of the last 5 change
trials and at least 4 of last 5 no-change trials before
a step down was taken. The pass criterion was chosen
to depend on both hit rate and false-alarm rate over
multiple trials to reduce the effects of any potential bias
differences between infants and adults on the outcome of
the procedure.

To account for potential inattention, the AFO reverted
to the previous (larger) AFO value following four consecu-
tive incorrect responses. If participants responded cor-
rectly on 5 of 6 consecutive trials in a maximum of 15
trials at the previous AFO, demonstrating that they were
again attending to the task, testing resumed at the smaller
AFO value. Otherwise, the session was discontinued. Par-
ticipants had a maximum of four attempts at each AF0, at
which point testing was discontinued. Statistical analyses
of data collected were conducted using SPSS Version 19
and R 4.0.3 with the mosaic package.

Results

To address our initial question of whether 7-month-old
infants outperform 3-month-old infants in FO acuity, we
compared the proportion of each group that successfully
performed the task at the smallest non-zero FO difference
(0.25 %). As shown in Fig. 2A, there were no clear dif-
ferences between the two infant groups, with 11 of 13 of
both the 3-month-olds and 7-month-olds (~85 % of each
group; 95 % binomial exact confidence interval, CI [55
%, 98 %l]) achieving criterion performance. In contrast,
none of the 10 adult participants without musical training
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(0 %; 95 % binomial exact CI [0 %, 31 %]) achieved
criterion performance at this FO difference. Thus, the
proportion of successful infants at the smallest FO change
was significantly greater than the proportion of adults
without musical training, XQ(I’ N =93~ 16.22, P<0.0001,
@, = 0.84 for each infant group. Of the adult group with
musical training, 8 of 11 (73 %, 95 % binomial exact CI
[39 %, 94 %]) reached criterion. This proportion was
significantly higher than that of the musically untrained
adults, X2(1,N: o= 11.75, P=0.001, ®, = 0.75, but was
not significantly different from the proportion for either
the 3- or 7-month-old infants, XQ(I,.N: on = 0.51, P=0.48,
®, = 0.15 in both cases. As expected, no participants
achieved criterion performance at the 0 % FO difference.

In a secondary analysis to determine whether there
were systematic differences in sensitivity between the
groups for those achieving criterion performance at a
given FO difference, we calculated mean d' values at

3
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Fic. 3 Mean d’ as a function of FO change for participants that
reached the pass criterion for each AFO. The number of participants
that contributed to each average is shown by the color-coded num-
bers. Non-musician adults who failed to reach criterion are shown
in black.

each value of AFO. Of the participants that reached the
0.25 % AFO value, average d' values for the 3-month-
old, 7-month-old, and musician adult groups on the last
five change and no-change trials were greater than 1
(3 months: N=11, mean ¢'=1.84, SEM =0.11; 7 months:
N=11, mean d'=1.85, SEM =0.12; musicians: N=8,
mean d'=1.91, SEM =0.23), whereas the average d' value
for the musically untrained participants who reached the
smallest AFO value was—0.37 (N=6, SEM =0.29), which
was not significantly different from zero (one-sample #test,
t5= —1.30, P=0.25, 95 % CI [~ 1.11, 0.36], Cohen’s
d= —0.53), consistent with chance-level performance
(Fig. 2B). The four musically untrained adults who did
not reach the smallest AFO value failed either at AF0=2.5
% (N=2) or at AF0=0.5 % (N=2). Similar values of d'
between groups were also found at all other values of
AFO (Fig. 3). The fact that sensitivity was similar between
groups for participants achieving the criterion level of
performance suggests that any differences between the
groups, in terms of the number of participants actually
achieving the criterion level of performance, reflect true
differences in sensitivity rather than simply between-group
differences in response bias.

To assess the stability of the results, the proportions of
infants and adults reaching criterion at the 0.25 % AFO
value were resampled using bootstrapping with replace-
ment to generate 1000 replications. The 95 % CIs using
the percentile method were then computed based on the
bootstrap sampling distribution. The bootstrapped CI for
adults without musical training (95 % percentile bootstrap
CI [0 %, 0 %]) did not overlap with the 3-month-olds’ (95
% percentile bootstrap CI [62 %, 100 %]) or the 7-month-
olds’ (95 % percentile bootstrap CI [62 %, 100 %]), con-
firming the significant difference in performance between
the adults without musical training and both groups of
infants.
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EXPERIMENT 2: SPECTRAL CENTROID
DISCRIMINATION WITH FO VARIATION

The results from experiment 1 did not support our initial
prediction that 7-month-olds would outperform 3-month-
olds in an FO-discrimination task. In fact, the two groups
of infants performed similarly and a higher proportion
of infants in each group reached the pass criterion at the
smallest value of AFO than was found for the musically
untrained adults. One possible explanation for this sur-
prising outcome is that the variations in spectrum (due to
the randomly selected harmonics in each trial) interfered
with adults’, but not infants’, ability to discriminate FO.
That might occur because the infants perceived the spec-
tral variations, but the variations did not interfere with
their FO discrimination, or because the infants simply
did not perceive the spectral variations. Experiment 2
was designed to distinguish between these two possibili-
ties by testing the limits of infants’ and adults’ ability to
perceive changes in the spectral envelope of harmonic
complex tones. The task was the same as in experiment
1 except that the parameters were reversed: Participants
were required to detect a change in spectral envelope
(induced by varying the spectral centroid of the stimulus)
while ignoring random and uninformative variations in

Fo.

Method
Farticipants

The new participants were 20 3-month-olds (12 female, 8
male), 20 7-month-olds (7 female, 13 male), and 10 musi-
cally untrained adults (5 female, 5 male). As in experi-
ment 1, a minimum sample size of 10 per group was
determined, based on an ability to detect a difference
between two groups in which proportions of 0.8 and
0.2 achieve the performance criterion. All recruitment
and participant inclusion criteria were the same as for
experiment 1.

Stimuli

All tones were 500 ms harmonic complexes, including 20
ms raised-cosine rise/fall ramps, separated by silent gaps
of 500 ms. All harmonics up to 10 kHz were generated
and individually scaled to produce slopes of 24 dB per
octave around the appropriate center frequency (CF),
with no flat bandpass region. The components were com-
bined in sine phase. Although the harmonics in experi-
ment 1 were combined in random phase, we prioritized
maintaining stimulus parameters consistent with Allen
and Oxenham (2014) to allow for comparison of adult
thresholds. This phase difference across experiments is
not expected to have any effects on performance because
phase effects are known to affect FO discrimination and

the timbre of unresolved harmonics but not the mostly
spectrally resolved harmonics used here (Plomp and
Steeneken 1969; Houtsma and Smurzynski 1990).

The CF of each complex determined its brightness.
Six values of ACF, from 0 to 15 % of the CF, were used
to test spectral-envelope discrimination. For each CF
and CF+ ACF value, tones were generated with FOs of
170, 180, 190, 200, 210, and 220 Hz. The standard CF
was varied between 1000 and 1100 Hz between blocks
of trials to prevent repeated exposure to background
tones with the same CF. Half the participants heard CF
increases while the other half heard CF decreases, ran-
domly determined.

Procedure

Stimulus presentation, calibration, and procedures were
the same as for experiment 1. Only three ACFs were
tested for each infant, to reduce the testing time per
infant. All adults and all but one infant completed testing
in a single visit of approximately 1 h. Both infants and
adults were conditioned and trained to categorize two sets
of complexes that differed by 15 % in their CF. Infants
were then randomly assigned to one of two groups, with
group 1 tested on 10 %, 5 %, and 0 % ACFs and group
2 tested on 2 %, 0.5 %, and 0 % ACFs. Adults were
tested with all ACF values.

Results

Infants at both ages were able to discriminate smaller
changes in spectrum than the musically untrained adults
(Fig. 4A). At the ACF of 0.5 %, only 1 of 10 adult listen-
ers (10 %, binomial exact 95 % CI [3 %, 45 %]) reached
the pass criteria, compared with 9 of 10 3-month-olds
(90 %, 95 % CI [56 %, 100 %]) and all 10 7-month-
olds (100 %, 95 % CI [69 %, 100 %]) in group 2. The
proportion of successful adults was significantly differ-
ent from the proportion of successful 3-month-olds,
X2(1,.N: 90)= 12.80, P<0.0001, ®, = 0.80, and successful
7-month-olds, XQ(I, N =90 = 16.36, P<0.0001, @, = 0.91.
Resampling the infants and adults passing and failing
the criterion at the 0.5 % ACF using bootstrapping with
1000 replications again showed that the CI for adults (95
% percentile bootstrap CI [0 %, 33 %]) did not overlap
with that for the 3-month-olds (95 % percentile bootstrap
CI [67 %, 100 %]) or the 7-month-olds (95 % percentile
bootstrap CI [100 %, 100 %]). As expected, none of the
participants achieved criterion when the ACF was 0.

In a secondary analysis to check for any between-
group differences in sensitivity, we assessed mean group
d' values at each ACF change. Of the participants who
progressed to the 0.5 % ACF, average 3-month-old and
7-month-old d' values for the last 10 trials (5 change
and no-change trials) were greater than 1 (3 months:
N=9, mean d'=1.77, SEM =0.09; 7 months: N=10,
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mean d'=1.86, SEM =0.16). However, the average
adult d' value was less than 1 (N=4, mean d'=0.55,
SEM =0.91) and was not significantly greater than zero
(one-sample t-test: 45 =0.60, P=0.59, 95 % CI [—2.36,
3.46], Cohen’s d=0.50), consistent with chance-level
performance. Note that the data from the one adult
participant who reached the pass criteria at the 0.5
% ACF with a d' of 2.49 were included in this aver-
age. The average d' values for this lowest ACF are
shown in Fig. 4B; average d’ values for all ACFs are
shown in Fig. 5. As for experiment 1, no systematic
differences in sensitivity were observed between groups
for those participants achieving the criterion level of
performance.

These results rule out the possibility that infants’
superior FO discrimination found in experiment 1
was due to an inability to perceive spectral changes.
Indeed, as with FO, infants’ ability to discriminate small
changes in spectral envelope exceeded that of musically
untrained adults.
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FiG. 5 Mean d' as a function of CF change for participants that
reached the pass criterion on each ACF. The number of participants
that contributed to each average is shown by the color-coded num-
bers. Adult participants who failed to reach criterion are shown in
black.

DISCUSSION

A total of 66 infants were tested on F0O and spectral cen-
troid discrimination in the presence of random variation
in the other dimension. In experiment 1, 85 % of the
infants tested and 73 % of adults with musical training
were able to reach the performance criterion at the small-
est FO difference (0.25 %) in the test phase, whereas none
of the adult participants without musical training reached
this criterion. In experiment 2, 95 % of the infants were
able to reach the performance criterion at the smallest
CF difference (0.5 %), compared to only 10 % of the
adult participants without musical training. These differ-
ences were highly significant in both experiments, with
$<0.0001 and an effect size, ®, > 0.8 for each of the
comparisons.

In terms of our primary research question, to investi-
gate the early development of complex pitch perception,
the results showed that infants at both 3 and 7 months
performed as well as adults with musical training. This
finding is in line with previous studies showing that
infants can discriminate FO and spectral differences in
the first few months of life (Clarkson et al. 1988; Clarkson
1996; Montgomery and Clarkson 1997; Plantinga and
Trainor 2009; He and Trainor 2009; Lau and Werner
2012). The surprising aspect of this finding is that no age-
related improvements in discrimination were observed,
as might be expected given the long developmental tra-
jectory of auditory cortex. The fact that 3-month-olds
performed as well as 7-month-olds and musically trained
adults suggests that FO and spectral-envelope discrimi-
nation is not dependent on a mature thalamocortical
pathway or cortex.

The most unexpected finding — one that motivated
experiment 2 — is that more infants reached criterion
at the 0.25 % AFO than adults without musical training.
Adults often have difficulty distinguishing between FO
and the aspect of timbre manipulated in this experiment
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known as brightness, describing increases in both as being
“higher.” Indeed melodic contours can be recognized
when they are conveyed by changes in spectral-envelope
peak or CF, as well as by changes in FO (McDermott
et al. 2008). In studies of discrimination, interference
between the two dimensions is common (Moore and
Glasberg 1990; Borchert et al. 2011; Allen and Oxenham
2014; Lau and Werner 2014), and in functional imag-
ing studies, substantial overlap between representations
of pitch and brightness has been reported (Allen et al.
2017, 2019). Musically trained listeners typically dem-
onstrate better FO discrimination than non-musicians, at
least prior to explicit training in the task (Micheyl et al.
2006; Madsen et al. 2019), but even musicians exhibit
confusion when discriminating between FO and spectral
peak (Allen and Oxenham 2014). This perceptual inter-
ference may be an efficient coding strategy, as the two
dimensions often covary in natural sounds (Whalen and
Levitt 1995; Kitahara et al. 2005). Indeed recent studies
have demonstrated that relatively brief exposure to covar-
lations in sound features can lead to rapid perceptual
learning in adults (Stilp et al. 2010; Stilp and Kluender
2012). Such experiments have shown that adult listeners
readily exploit statistical regularity in stimulus attributes
to improve task performance. One interpretation of our
unexpected results is therefore that infants may not yet
be able to exploit the expected statistical covariations
between stimulus attributes, and that this inability actu-
ally enhances their perceptual performance, relative to
musically untrained adults, in situations where expecta-
tions of covariation are violated.

Another related possible explanation is that adults are
more susceptible to a confusion effect induced from the
interfering irrelevant dimension. Allen and Oxenham
(2014) showed that adult discrimination thresholds were
better when the irrelevant variations in FO or spec-
tral peak were congruent with the change in the target
dimension as opposed to when they were incongruent.
In line with this observation, we would predict that if
infants do not take into account the natural statistics
of covariation, then they should not show the bene-
fits of congruent variations in FO and spectrum found
for adults and should also not be adversely affected
by incongruent variations in the two dimensions. This
prediction remains to be tested.

It may also be that infants’ and adults’ processing strat-
egies differ, even when they are faced with the same task.
Specifically with FO, it has been shown that different spe-
cies seem to rely on different acoustic cues to extract FO,
with non-primates (e.g., ferrets and chinchillas) relying
primarily on temporal-envelope cues provided by spec-
trally unresolved harmonics (Shofner and Chaney 2013;
Walker et al. 2019), whereas humans and possibly other
primates seem to rely more on the cues provided by spec-
trally resolved harmonics (Oxenham et al. 2011; Song
et al. 2016). It is conceivable that different weighting of

such cues could lead to different patterns of interference,
although our current experimental design cannot shed
light on this question.

An important point to note is that while all aspects of
the stimuli, task, and protocol remained the same between
infants and adults, adults were explicitly instructed to
raise their hand when they heard the sound change while
infants were implicitly conditioned to respond. It is pos-
sible that this difference between implicit versus explicit
task performance is in part responsible for the differ-
ence in behavioral performance between the infants and
the musically untrained adults. Nevertheless, musically
trained adults (who were instructed in the same way as
the musically untrained adults) did perform at levels simi-
lar to the infants.

There are several limitations due to the design of the
study that limit our comparisons of FO and CF discrimi-
nation of infants and adults beyond group level prob-
abilities. As we designed the study to detect whether par-
ticipants in a given age group can or cannot discriminate
a given change in FO or spectral centroid, it is possible
that there are more subtle differences in how well 3-
and 7-month-olds can discriminate pitch. However, our
study was not sufficiently powered to detect such subtle
differences. The use of a pass criterion of at least an 80
% hit rate with a false-alarm rate of at most 20 % on
the last 5 change trials and the last 5 no-change trials to
obtain a broad measure of whether or not a listener can
perceive a given change also allows for some difference
in d' to exist between listeners who reach criterion (i.e.,
there are participants who reach criterion with a d' of
greater than 1.68). Moreover, listeners did not hear the
same fixed number of trials, with poorer performers given
more opportunities (i.e., more trials) to meet the criterion
than good performers, who met the criterion after the
minimum number of trials.

In terms of stimuli, the filter slope was 12 dB per
octave in experiment 1 versus 24 dB per octave in experi-
ment 2; the effect of this difference on infant FO and CF
discrimination is unknown. In experiment 2, we ruled out
the possibility that infants are unable to perceive changes
in CF; however, it is also possible that infants perceive
changes in spectral centroid but perceptually weight CF
changes less than FO changes (e.g., prioritize pitch over
timbre) in comparison to adult listeners without musi-
cal training. Finally, in experiment 1, we recruited two
groups of adults — those with musical training and those
without. It is possible that innate differences in auditory
or cognitive difference exist between these groups that
go beyond the presence or absence of musical training
(Corrigall et al. 2013; McKay 2021).

In studies of speech perception, differential sensitivity
to native and non-native phonetic contrasts has been
shown for adults but not young infants (Werker and
Tees 1984). Although there are non-native phonemes
that infants can discriminate but adults cannot, adults
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generally outperform infants on native language speech
discrimination (Kuhl et al. 2006). In other music-related
studies that tested both infants and adults on comparable
tasks such as musical structure and rhythm perception,
absolute performance was also generally poorer for infants
(Trainor and Trehub 1992; Hannon and Trehub 2005).
Remarkably, our results suggest the reverse developmen-
tal trajectory — that FO discrimination in the presence
of spectral variations, and vice versa, becomes more dif-
ficult for adult listeners without formal musical training.
This conclusion does not necessarily imply a continuous
degradation in FO discrimination from infancy. Instead,
it may be that statistical covariations between FO and
spectrum are learned by 12 months (as are speech and
musical regularities, see Werker and Tees 1984; Hannon
and Trehub 2005). Thus, perceptual interference between
FO and spectrum may emerge at a relatively early age,
degrading performance in older infants (12 + months) on
tasks, such as ours, that violate these learned expecta-
tions. This prediction remains to be tested. Nevertheless,
it is clear from our study that accurate FO and spectral-
peak discrimination can be achieved by 3- and 7-month
infants, implying that accurate discrimination of these
important auditory dimensions is not dependent on com-
plete auditory cortical maturation, and thus suggesting
a possible subcortical substrate for both FO and spectral
coding or that an immature auditory cortex is sufficient
for FO and spectral-peak discrimination.
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