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Perceptual Learning Evidence for Tuning to Spectrotemporal
Modulation in the Human Auditory System
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Natural sounds are characterized by complex patterns of sound intensity distributed across both frequency (spectral modulation) and
time (temporal modulation). Perception of these patterns has been proposed to depend on a bank of modulation filters, each tuned to a
unique combination of a spectral and a temporal modulation frequency. There is considerable physiological evidence for such combined
spectrotemporal tuning. However, direct behavioral evidence is lacking. Here we examined the processing of spectrotemporal modula-
tion behaviorally using a perceptual-learning paradigm. We trained human listeners for ~1 h/d for 7 d to discriminate the depth of
spectral (0.5 cyc/oct; 0 Hz), temporal (0 cyc/oct; 32 Hz), or upward spectrotemporal (0.5 cyc/oct; 32 Hz) modulation. Each trained group
learned more on their respective trained condition than did controls who received no training. Critically, this depth-discrimination
learning did not generalize to the trained stimuli of the other groups or to downward spectrotemporal (0.5 cyc/oct; —32 Hz) modulation.
Learning on discrimination also led to worsening on modulation detection, but only when the same spectrotemporal modulation was
used for both tasks. Thus, these influences of training were specific to the trained combination of spectral and temporal modulation
frequencies, even when the trained and untrained stimuli had one modulation frequency in common. This specificity indicates that
training modified circuitry that had combined spectrotemporal tuning, and therefore that circuits with such tuning can influence
perception. These results are consistent with the possibility that the auditory system analyzes sounds through filters tuned to combined

spectrotemporal modulation.

Introduction

Most natural sounds have peaks and valleys of intensity that vary
across both frequency and time. Accurate perception of these
spectrotemporal modulations is necessary for fundamental audi-
tory skills such as the discrimination and grouping of auditory
objects (Bregman, 1990; Woolley et al., 2005) and the perception
of speech (Elhilali et al., 2003). It has been proposed that the
perception of spectrotemporal modulation is mediated by a bank
of filters, with each filter tuned to a particular combination of a
spectral and a temporal modulation frequency (Chi et al., 1999,
2005). At present, there is considerable physiological, but little
behavioral, evidence for such spectrotemporal tuning.

A schematic of the proposed spectrotemporal modulation fil-
ter bank is shown in Figure 1. Each spectrogram depicts the spec-
trotemporal modulation to which a particular filter is tuned. This
model has been used to describe human performance on mon-
aural phase-detection (Carlyon and Shamma, 2003) and speech-
perception (Elhilali et al., 2003) tasks. These demonstrations
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suggest that combined spectrotemporal processing could under-
lie perception, but do not provide a direct test of that possibility.
Current evidence for combined spectrotemporal tuning comes
only from physiological observations. Such tuning has been ob-
served in individual neurons in inferior colliculus (Versnel et al.,
2009), thalamus (Miller et al., 2002), and auditory cortex (Kowal-
ski et al., 1996; Depireux et al., 2001), as well as in population
responses identified with fMRI in human auditory cortex
(Langers et al., 2003; Schonwiesner and Zatorre, 2009). Investi-
gations focusing on a single modulation dimension have also
revealed tuning along the tested dimension (for temporal, see
Langner and Schreiner, 1988; for spectral, see Shamma et al,,
1995). Behavioral support for modulation tuning comes from
modulation-frequency-specific effects of masking (for temporal,
see Bacon and Grantham, 1989; for spectral, see Saoji and Eddins,
2007), adaptation (for temporal, see Wojtczak and Viemeister,
2003; for spectral, see D.A. Eddins and R. Harwell, unpublished
observations), expectation (for temporal, see Wright and Dai,
1998), and training (for temporal, see Fitzgerald and Wright,
2005, 2011; for spectral, see Sabin et al., 2012) on modulation
perception. However, in all of these cases only one dimension of
modulation was manipulated, thereby preventing potential ob-
servations of combined spectrotemporal tuning.

As a potential means to observe behavioral evidence of com-
bined spectrotemporal tuning in humans, we examined the in-
fluence of training on the discrimination of modulation depth.
We reasoned that if training with a particular combination of
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Figure 1.

Spectrotemporal modulation filter bank. A schematic of hypothetical filters in a spectrotemporal modulation filter bank. Each spectrogram depicts the spectrotemporal modulation to

which a particular filter is tuned. Each filter has a preferred spectral modulation frequency (vertical spacing of bars), temporal modulation frequency (horizontal spacing of bars), and direction (up
ordown: direction of bar ilt). Thesefilters are tuned to spectral-alone (middle column), temporal-alone (bottom row), or spectrotemporal (downward: left two columns; upward: right two columns)
modulation. Note that the filters that are selective for isolated spectral or temporal modulation frequencies simply constitute one slice of this spectrotemporal modulation filter bank where the

preferred modulation frequency in the other dimension is zero.

spectral and temporal modulation frequencies modified process-
ing that was tuned to that combination, then training-induced
improvements would not generalize to any untrained combina-
tions. Such specificity could arise from a change in a modulation
filter itself, or in the weight assigned to that filter by a decision
maker. We report that training to discriminate the depth of
spectral-only, temporal-only, or spectrotemporal modulation
led to depth-discrimination learning that was largely restricted to
the trained combination of modulation frequencies and had dif-
ferent influences on the ability to detect spectrotemporal modu-
lation ranging from improvement to worsening. This result
provides some behavioral support for the proposal that filters
tuned to combinations of spectral and temporal modulation un-
derlie modulation perception.

Materials and Methods

Overview. We tested three separate groups of trained listeners and one
group of controls. All trained listeners participated in an initial screening,
a pretest, a training phase, and a posttest. During the screening, we mea-
sured pure-tone detection thresholds at octave frequencies from 250 to
8000 Hz. In the pretest, performance was evaluated on five modulation-
perception conditions, including the trained one. For the trained listen-
ers, the training phase consisted of seven daily practice sessions (each ~1
h in length) in which thresholds were measured repeatedly on a single
modulation-depth-discrimination condition. The trained condition dif-
fered across the three trained groups. The posttest followed the training
phase and was identical to the pretest. The controls participated in all of
the same stages, except for the training phase. Thus, any difference be-
tween the trained and control groups can be attributed to the training
phase.

Conditions. The pretests and posttests consisted of four modulation-
depth-discrimination conditions and one modulation-detection condi-
tion. Each modulation was characterized by both a spectral modulation

frequency [in cycles/octave (cyc/oct)] and a temporal modulation fre-
quency (in Hz). The four depth-discrimination conditions were spectral
modulation alone (0.5 cyc/oct, 0 Hz), temporal modulation alone (0
cyc/oct, 32 Hz), upward spectrotemporal modulation (0.5 cyc/oct, 32
Hz), and downward spectrotemporal modulation (0.5 cyc/oct, —32 Hz).
The detection condition was upward spectrotemporal modulation (0.5
cyc/oct, 32 Hz). We selected 0.5 cyc/oct and 32 Hz as the trained modu-
lation frequencies because we anticipated that we would observe learning
with them. Each of these frequencies falls at a point near the edge of its
respective modulation-detection transfer function. There is previous ev-
idence from both the auditory (A.T. Sabin, unpublished observations)
and visual (Huang et al., 2008) systems that the amount of learning
increases as the modulation frequency approaches the edge of the
modulation-detection transfer function, at least for modulation detec-
tion. Each of the three trained groups practiced a different depth-
discrimination condition from the pretests and posttests: spectral
modulation alone (n = 8), temporal modulation alone (n = 8), or up-
ward spectrotemporal modulation (1 = 8). Tests of vowel and consonant
identification in noise were also included in the pretests and posttests,
but those data are not reported here.

Tasks and procedure. For the modulation-depth-discrimination con-
ditions, listeners had to distinguish a modulated noise stimulus with a 50
dB depth (standard) from a one with a shallower depth (signal) (Fig.2A).
Stimuli were presented using a three-interval, forced-choice method. On
each trial, the standard was presented in two intervals, and the signal in
one, with the signal interval determined randomly. Listeners indicated
which of the three intervals contained the signal by using a computer
mouse to click labeled buttons on a visual display. After every trial, visual
feedback was provided indicating whether the response was correct or
incorrect.

The signal modulation depth (peak-to-valley difference in decibels)
was adjusted adaptively across trials to estimate the modulation-depth-
discrimination threshold. Modulation-depth adjustment followed a
three-down/one-up rule and therefore converged on the 79.4% correct
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point on the psychometric function (Levitt, A
1971). The modulation depths at which the di-
rection of change reversed from decreasing to
increasing or vice versa are referred to as rever-
sals. The depth was initially 0 dB and was ad-
justed in steps of 6 dB until the third reversal;
subsequent steps were 2 dB. In each block of 60
trials, the first three reversals were discarded,
and the modulation depths at the largest re-
maining even number of reversals were aver-
aged. The difference between this average and
the standard modulation depth is reported as
the depth-discrimination threshold. Blocks
were excluded from analysis if they contained
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cept that the initial signal modulation depth
was 20 dB. The average of the signal modula-
tion depths at the included reversals is reported
as the detection threshold.

During the pretests and posttests, listeners
completed five threshold estimates (300 trials) for each modulation con-
dition. The order of the conditions was randomized across listeners, but
held constant between the pretests and posttests for each individual lis-
tener. During the training phase, trained listeners completed 12 thresh-
old estimates (720 trials) for the single trained condition on each session.
The pretest and first day of training were conducted on consecutive days,
as were the final day of training and the posttest. The training sessions
occurred on most weekdays. The pretests and posttests were separated by
an average of 20.3 d for the trained listeners and 22.3 d for the controls.

Stimulus synthesis and presentation. The protocol for stimulus genera-
tion was adapted from previous reports (Kowalski et al., 1996) and pri-
marily used code from the neural systems laboratory toolbox. The
spectrotemporal envelope (S) of each stimulus was a two-dimensional
sinusoid defined across both time (¢) and frequency (x; number of oc-
taves above the fundamental frequency) as follows: S(t,x) = 1+
Asin(2mwt + 2mQx + ®), where A is the linear modulation depth, w is
the temporal modulation (in Hz), {) is the spectral modulation (in cycles/
octave), and @ is the starting phase of the sinusoid. The fundamental
frequency was 100 Hz and the components were spaced in steps of 2.5 Hz
up to 16,314 Hz. The starting phase was randomized. To generate the
modulated noise, the spectrotemporal envelope was multiplied by ran-
dom numbers drawn from a Gaussian distribution. The modulated noise
was passed through a Butterworth filter with cutoff frequencies of 400
and 3200 Hz and a slope of —32 dB/octave. The duration of each stimulus
was 125 ms including 10 ms raised cosine on/off ramps. Due to compu-
tational constraints, the stimuli were synthesized before testing. To in-
troduce some randomization, we precomputed 25 instances of each
combination of spectral modulation frequency, temporal modulation fre-
quency, and modulation depth. On a given presentation, one of those 25
stimuli was randomly selected and played to the listener. The presentation
level on each observation interval was roved +8 dB around a spectrum level
of 35 dB SPL. The level and starting-phase randomizations were used to
reduce the availability of local intensity cues in the spectral-modulation
condition, but were used in all conditions for uniformity.

All stimuli were presented using custom software written in MATLAB
and played through a 16-bit digital-to-analog converter (DD1) followed
by an anti-aliasing filter with a 16 kHz cutoff frequency (FT6-2), a pro-
grammable attenuator (PA4), a sound mixer (SM3), and a headphone
driver (HB6) (all from Tucker-Davis Technologies). The sounds were

different from the other two (standards). A, In the modulation-depth-discrimination tasks (spectrotemporal shown), the signal
had a shallower modulation depth (left) than the standards (middle and right). The more similar the modulation depths that could
be discriminated, the better the threshold. B, In the modulation-detection task, the signal was modulated (left) and the standards
were not (middle and right). The shallower the signal modulation depth that could be detected, the better the threshold.

presented through the left earpiece of Sennheiser HD265 circumaural
headphones. Listeners were tested in a sound-attenuated room.

Listeners. Thirty-two participants (26 female) between 18 and 36 years
of age served as listeners. All had normal hearing sensitivity in the left ear
[=20 dB HL from 250 to 8000 Hz (ANSI, 2004)] and no previous expe-
rience with psychoacoustic tasks. All listeners gave informed consent and
were financially compensated for their participation. All procedures were
approved by the Institutional Review Board at Northwestern University.
The data from listeners whose pretest thresholds were greater than 2 SDs
above the mean of all listeners on a particular condition were removed
from the analyses of that condition (3.1% of the entire dataset).

Results

Learning on the trained conditions

Multiple sessions of depth-discrimination training aided perfor-
mance on spectral- (Fig. 34, triangles), temporal- (Fig. 3B, dia-
monds), and spectrotemporal- (Fig. 3C, squares) modulation.
We evaluated the influence of each training regimen by comput-
ing, separately for each trained condition, a group (trained vs
control) X session (pre vs post) ANOVA, using time as a repeated
measure. In each case, there was a significant group by session
interaction (all p < 0.03). The trained listeners improved be-
tween the pretests and posttests (paired ¢ test, all p < 0.004; Fig.
3A-C, filled symbols) while the controls did not (all p > 0.26; Fig.
3A-C, open symbols).

Each trained group improved over the course of the experiment,
though the temporal-modulation-trained listeners reached asymp-
tote before the other two trained groups. For each trained group, this
improvement was confirmed by a significant negative slope of a
single line fitted to the population of within-listener daily mean
thresholds over the log,, of the session number (all p < 0.003).
Further, for each individual, we computed the slope of a regression
line fitted to each threshold estimate over the log,, of the session
number (Fig. 3D-F, left). The population of slopes for each trained
group was significantly negative (all p < 0.007), again indicating
improvement in each group. However, when the same set of analyses
were repeated with the pretest removed (Fig. 3D-F, right), the
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p = 0.012), which arose because the listeners
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Figure 3. Performance on the trained depth-discrimination conditions. A-C, The group average modulation-depth- 5 > 5P

discrimination thresholds (79% correct performance) as a function of testing session for listeners trained on spectral (4, triangles;
n = 8), temporal (B, diamonds; n = 8), or spectrotemporal (C, squares; n = 8) modulation. Results are also shown for controls
who received no training (circles; n = 8). Spectrograms of each trained stimulus are depicted at the top of each column. Error bars
indicate =1 SEM. Asterisks indicate a significant interaction ( p << 0.05) of a group (trained vs control) X time (pre vs post) ANOVA
using time as a repeated measure. D—F, The slopes of individual regression lines fitted to all threshold estimates versus the log,,
of the session number for each listener in the spectral- (D), temporal- (E), and spectrotemporal- (F) modulation trained groups.
Filled symbols indicate that the slope for that listener was significant and negative. The box plots to the left of the individual points
reflect the distribution of points, where the box is comprised of lines at the upper quartile, median, and lower quartile values and
the whiskers extend to the maximum and minimum values (excluding outliers). Slopes were computed either across all sessions
(leftin each panel) or across all sessions excluding the pretest (right in each panel). Asterisks indicate that the population of slopes
was significantly less than zero (p << 0.05) according to a one-sample ¢ test. Training led to improvement for all three trained

modulations, but with different time courses.

spectral- and spectrotemporal-modulation-trained listeners still
showed improvement (all p < 0.04), while the temporal-
modulation-trained listeners did not (all p > 0.42). These analyses
suggest that participating in the pretest brought the temporal-
modulation-trained listeners to asymptotic performance. Inter-
estingly, the controls, who also participated in the same pretest,
showed no improvement, indicating that, by the posttest, the con-
trols lost any improvements resulting from exposure to the
pretest, while the practice sessions served to maintain those im-
provements in the temporal-modulation-trained listeners.

The relative contributions of within- and between-session im-
provements that occurred during the training phase differed among
the trained groups. To examine when on a given day training-
phase improvements emerged, we compared within- to between-
session improvements for the two groups that showed improvement
during this phase (the spectral- and spectrotemporal-modulation-
trained listeners). For each listener, we computed the means of the
first three and last three threshold estimates for each training session,
and used those values to calculate performance changes within ses-
sions (first 3 minus last 3 estimates) as well as between sessions (last
3 estimates of current session minus first three of the subsequent
session). The relative magnitudes of these changes were evaluated
separately for each trained group using a change (within-session vs
between-session) X session (all training days) ANOVA with both
change and session as repeated measures. For spectral-modulation-
trained listeners, there was a main effect of change (F, 4, = 11.3;

rately for each untrained condition, with
the same criterion that we used to assess
learning on the trained condition—a sig-
nificant group (trained vs control) X ses-
sion (pre vs post) interaction of an
ANOVA, using session as a repeated mea-
sure. By this criterion, there was no evi-
dence of generalization. None of trained
groups generalized their improvement to
the trained conditions of the other groups
(all p > 0.12; Fig. 4A—C) or to a depth-
discrimination condition on which none
of the groups trained— downward spec-
trotemporal modulation (all p > 0.13; Fig.
4D). Further, for each condition, the effect size (partial n?) of the
group X session interaction was >0.43 when the condition was
trained, but <0.21 when it was not (Fig. 5).

Though none of the trained groups improved more than con-
trols on any of untrained depth-discrimination conditions, the
trained groups did show some improvement that was uniform
across these conditions. We further examined performance on
the untrained conditions separately for each group (3 trained and
1 control) by computing a session (pre vs post) X condition (all
untrained depth-discrimination conditions) ANOVA with ses-
sion as a repeated measure. For each trained group, there was a
main effect of session (all p < 0.001) and no session X condition
interaction (all p > 0.55). In contrast, for the controls, neither the
main effect of session nor the session X condition interaction was
significant (all p > 0.19). Thus, the trained listeners improved
somewhat on the untrained depth-discrimination conditions,
but not by amount that was distinguishable from the controls.

Detection of spectrotemporal modulation

Finally, the influence of practicing modulation depth-
discrimination on the ability to detect upward spectrotemporal
modulation (Fig. 6) differed across the three trained groups. On this
detection condition, compared with controls, the spectral-
modulation-trained listeners learned (F, ;4 = 9.8; p = 0.007), the
temporal-modulation-trained listeners showed no change (F, 14, =
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0.50, p = 0.49), and the spectrotemporal-
modulation-trained listeners got worse
(F(1,13) = 4.8; p = 0.048). The decrements in
performance on detection in the
spectrotemporal-modulation-trained lis-
teners were correlated with improve-
ments in depth-discrimination for the
same stimulus (their trained condition; r =
—0.80, p = 0.03; Fig. 6E). There were no
such tradeoffs between detection and dis-
crimination of this stimulus in the remain-
ing three groups (all p > 0.13; Fig. 6 B-D) or
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tral, temporal, or upward spectrotemporal
modulation and tested the generalization of
their learning to the trained conditions of
the other groups as well as to the depth dis-
crimination of downward spectrotemporal
modulation and the detection of upward
spectrotemporal modulation. Three influ-
ences of training were dependent on the
spectrotemporal characteristics of the
trained stimulus. First, and most impor-
tantly, there was no generalization of
training-induced improvement to the un-
trained depth-discrimination conditions.
Learning on isolated spectral (0.5 cyc/oct; 0
Hz) or temporal (0 cyc/oct; 32 Hz) modulation did not generalize to
either direction of spectrotemporal modulation (0.5 cyc/oct; =32
Hz), even though the spectrotemporal conditions shared one
modulation frequency with each of the isolated modulations
(Fig. 3C,D). There was also no generalization from spectrotem-
poral modulation to the isolated modulations or to the opposite
direction of spectrotemporal modulation (Figs. 44, B; 5D).

Second, there was a unique relationship between detection
and discrimination when both tasks were assessed using stimuli
that had the same combination of spectral and temporal modu-
lation frequencies. Learning on depth discrimination of spectro-
temporal modulation led to worsening on (negative
generalization to) the detection of that spectrotemporal modula-
tion, and the individual magnitudes of these changes were signif-
icantly correlated. This relationship was specific to the combined
spectrotemporal modulation. Learning on spectral modulation
depth discrimination led to improvements, rather than worsen-
ing, on the detection of spectrotemporal modulation. This gen-
eralization implies a connection between these two conditions,
but one that differs from the connection between the two spec-
trotemporal conditions. Learning on temporal modulation
depth discrimination did not influence performance on the de-
tection condition, implying separate processing of these two
conditions.
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Performance on all of the modulation-depth-discrimination conditions. The difference in threshold between the pretestand
posttest (pre minus post) for each group (bars) and listener (symbols) on the depth-discrimination conditions. A-D, Results are shown for
spectral modulation (SM; A) and temporal modulation (TM; B), as well as for upward (€) and downward (D) spectrotemporal modulation
(STM+ and STM—, respectively). For each modulation, the magnitude of improvement s shown for the listeners, if any, who were trained
on that modulation (TRN), for those who were trained on other modulations, and for those who received no training. Spectrograms of the
tested stimuli are displayed near the top right comner of each panel. Error bars indicate == 1 SEM. Asterisks indicate a significant interaction
(p<<0.05) of agroup (trained vs control) XX time (pre vs post) repeated-measures ANOVA. The learning on the trained conditions did not
generalize to any untrained depth-discrimination conditions.

Third, the time courses of improvement on modulation depth
discrimination differed for different combinations of spectral
and temporal modulation frequencies. Asymptotic performance
was reached by the first training day for temporal modulation,
but later in the training phase for spectral and spectrotemporal
modulation. Further, the more gradual improvements occurred
primarily between sessions for spectral modulation, but not for
spectrotemporal modulation.

It is unlikely that these outcomes would have occurred if
training had modified an aspect of processing in which the
spectral and temporal components were represented sepa-
rately. Consider, for example, the lack of generalization to
untrained depth-discrimination conditions. If training on
spectrotemporal modulation had modified separate process-
ing of spectral and/or temporal modulation, learning would
have generalized to spectral-alone and/or temporal-alone
modulation. Similarly, if training on these isolated modula-
tions had modified such separate processing, learning would
have generalized, at least in part, to spectrotemporal modula-
tion. Thus, though separable processing of spectral-alone or
temporal-alone modulation may occur somewhere along the
auditory pathway, it appears that the training-induced im-
provements observed here resulted from modifications to the
processing of combined spectrotemporal modulation.
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Figure 5.  Effect sizes for all trained versus control comparisons on the modulation-
depth-discrimination conditions. Partial 12 effect sizes of the group (trained vs con-
trol) X session (pre vs post) interaction in ANOVA using time as a repeated measure. A-D,
Effect sizes are shown for spectral modulation (SM; A) and temporal modulation (TM; B),
as well as for upward (€) and downward (D) spectrotemporal modulation (STM+ and
STM—, respectively). For each modulation, the effect size is shown for the listeners who
were trained on that modulation (TRN) as well as for those who were trained on other
modulations. Asterisks indicate that the interaction was significant (p << 0.05). For each
depth-discrimination condition, the effect size was at least twice as large when it was
trained than when it was not.

The present behavioral support for combined spectrotemporal
processing is reminiscent of the combined spectrotemporal tuning
observed in numerous physiological investigations. As men-
tioned in the Introduction, individual neurons that are tuned
to particular combinations of spectral and temporal modula-
tion frequencies have been observed at cortical (Kowalski et
al., 1996) and subcortical (Versnel et al., 2009) levels in ani-
mals, and similar tuning has been observed in regions of hu-
man primary and secondary auditory cortex (Langers et al.,
2003; Schonwiesner and Zatorre, 2009). Thus, there are many
candidate neural populations that could have been involved in
the learning. However, the specificity of learning to the trained
direction of spectrotemporal modulation helps narrow the
possibilities. Neurons that preferentially respond to one direc-
tion of spectrotemporal modulation are more common in
higher than lower areas of auditory cortex (Loftus and Sutter,
2001). Therefore, it is more likely that the training-induced
modification involved higher rather than lower areas of audi-
tory cortex. The training could have led to a refinement in
these modulation-tuned neurons themselves or in the weight-
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Figure6. Performance on the untrained spectrotemporal modulation detection condi-
tion. A, As in Figure 3, but for the detection (rather than discrimination) of upward
spectrotemporal modulation. B-E, The difference in threshold between the pretest and
posttest (pre minus post) for discrimination (abscissa) and detection (ordinate) of upward
spectrotemporal modulation. Results are plotted separately for listeners trained to dis-
criminate the depth of spectral (B), temporal (C), or spectrotemporal (D) modulation as
well as for controls (E). Discrimination training led to worsening on detection but only
when both tasks used the same modulation.

ing assigned to inputs from these neurons by a decision maker
(for more general discussions of these alternatives, see Dosher
and Lu, 1998; Ahissar and Hochstein, 2004).

Despite the specificity of learning to the trained condition,
each trained group showed a modest improvement across all of
the untrained depth-discrimination conditions (Fig. 4). Thus,
the trained groups appear to have learned some general aspect of
modulation depth discrimination. One possibility is that this
uniform improvement came from an increased ability to ignore
the randomization of presentation level. Since the same level ran-
domization was used on all conditions, an increased ability to
ignore this randomization would lead to improvement on all
untrained conditions. Another possibility is that the listening
strategy for the modulation itself changed over the course of
training. For example, listeners might have initially chosen the
interval that was most correlated to an internal template of an
unmodulated noise, and then later chosen the interval that was
least correlated to a template of the trained standard. Refine-
ments of the unmodulated template with practice would lead to
modest uniform improvement across all depth-discrimination
conditions, while refinements of the template of the trained stan-
dard would lead to improvements that were specific to the trained
condition. It is also worth noting that the magnitude of the im-
provement between the pretests and posttests on the untrained
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conditions was comparable to that between the pretest and the
first day of training on the trained conditions. This indicates that
the pretest itself was sufficient to generate some learning on un-
trained conditions. It is possible that further training simply
maintained these improvements in the trained groups, and that
these improvements declined in the controls due to the lack of
training. For example, each training session may have aided in the
process of making the pretest-induced learning more permanent
(consolidation). Alternatively, the learning arising from the pre-
test itself may have lasted only into the next day, with each sub-
sequent day of training—including the final day—inducing
similarly temporary learning.

Detection versus discrimination

The current results also replicate and extend existing literature
indicating that improvements in modulation discrimination
can come at the cost of worsening on detection. Training on
depth discrimination of spectrotemporal modulation led to
learning on that condition, but worsening on the detection of
that same modulation (Fig. 5E). A related tradeoff has been
observed in auditory temporal modulation perception where
listeners who practiced discriminating modulation rate im-
proved on that task, but got worse at detecting the same stim-
ulus (Fitzgerald and Wright, 2005) [though detection training
did not influence discrimination (Fitzgerald and Wright, 2011)].
Similarly, in the visual system, adaptation to a sinusoidal grating
led to better orientation discrimination but poorer detection
(Regan and Beverley, 1985). The present data extend this previ-
ous work by demonstrating that the discrimination/detection
tradeoff can be specific to the trained stimulus. This tradeoff did
not occur when depth-discrimination training and detection
testing used different modulations (Fig. 5C,D). Training to dis-
criminate spectral modulation actually led to improvements in
detection of spectrotemporal modulation.

There are several potential listening strategies, which if ad-
opted over the course of training, could have led to a discrimina-
tion/detection tradeoff that is specific to the trained modulation.
For example, trained listeners could have learned to focus on the
processing of the trained modulation at deep modulation depths
and to ignore that of shallow depths. Adoption of this listening
strategy would improve depth discrimination because this task
requires listeners to distinguish deep modulation depths (signal)
from deeper ones (standard), but worse detection because this
task depends upon the ability to distinguish shallow modulation
depths (signal) from no modulation at all (standard). Alterna-
tively, training could have led listeners to adopt a strategy to
choose the interval that is least correlated to an internal template
of the trained standard (as suggested above). This strategy would
aid depth discrimination because the signal interval in this task
(the shallower modulation depth) has the weakest correlation to
that template, but hurt detection because the signal interval in
this task (the modulated stimulus) has the strongest correlation
to that template.

Summary and conclusion

A fundamental function of any sensory system is to extract
information from the patterns of activity distributed across
the sensory periphery. The auditory system must analyze the
complex patterns of time-varying cochlear activity that are
evoked by natural sounds such as speech. The current data
demonstrate that perceptual learning can be specific to partic-
ular combinations of spectral and temporal modulation fre-
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quency, and thus provide some of the first direct behavioral
evidence that a mechanism with such combined tuning can
influence perception. These data are consistent with the pro-
posal that auditory perception is mediated a bank of modula-
tion filters that are tuned to particular combinations of
spectral and temporal modulation frequency, and further sug-
gest that this proposal should allow the contributions of each
filter to be influenced separately by previous experience. They
also suggest that experience-induced physiological modifica-
tions that are restricted to neurons tuned to particular com-
bined spectrotemporal modulations could be observed.
Finally, these results imply that training on spectrotemporal
modulation might improve performance on real-world per-
ceptual tasks, but only if the training involves the particular
combination of spectral and temporal modulation frequencies
that limits performance of those tasks.
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