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Fluctuations in the ubiquitous masking background noise can be
exploited by the vertebrate auditory system to considerably
improve signal detection. Here we demonstrate neuronal
masking release in amplitude-modulated background noise on
the level of the European starling's auditory forebrain, an area
that is the analogue of the mammalian primary auditory cortex.
Tone-evoked responses in the presence of modulated and
unmodulated maskers were recorded in unrestrained birds via

radiotelemetry. Based on a rate code, the average amount of
neuronal masking release was similar to that observed in a
psychoacoustic study on the starling with stimuli con®ned to a
single auditory ®lter. The results suggest that the neurons
exploited predominantly temporal features of the acoustic
background to improve signal detection. NeuroReport 12:1825±
1829 & 2001 Lippincott Williams & Wilkins.
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INTRODUCTION

Signal detection in the natural environment is typically
compromised by ubiquitous background noise (for review
see [1]). Background noise is often temporally structured,
as has been demonstrated by an analysis of recordings from
the Cornell sound library by Nelken et al. [2] and is shown
here by an example representing a morning chorus of
singing birds (Fig. 1a). Such a temporal structure, in which
positively correlated envelope ¯uctuations (i.e. a coherent
modulation, termed comodulation) can be found over a
wide range of frequencies, results from the intermittent
sound production of the sources and from the action of air
turbulences upon the signal on its path of transmission [3].
It has been suggested that coherent changes in the acoustic
features of signals may aid the human auditory system in
the analysis of complex auditory scenes (for review see [4]).
Given the adaptive value of auditory scene analysis, it is
not surprising that other vertebrates, such as the European
starlings (Aves), also possess this ability [5,6].
The ability of an improved segregation of a signal from
an acoustic background should also affect masked thresholds. A paradigm in which an improved detection of a
signal in a temporally structured masker has been attributed to mechanisms that can also affect auditory grouping
has ®rst been applied in human psychophysical experiments by Hall et al. [7] (see also [8], and for review see [9]).
Hall and colleagues found that contrary to the expectation
formed on the basis of the concept of auditory frequency
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®lters (i.e. critical bands [10]), thresholds for tones may be
considerably reduced in a comodulated masker compared
with an unmodulated masker of equal sound energy. This
effect has been termed comodulation masking release, and
humans can experience a reduction in hearing threshold of
about 12 dB in slowly amplitude-modulated maskers (similar to the ones used in this study) compared to unmodulated maskers of the same bandwidth. This psychophysical
experiment demonstrating comodulation masking release
has also been done in European starlings that exhibit a
psychophysical release from masking of up to 18 dB on
average [11] in broadband background noise with a comodulated envelope. Some of the cues that may enable the
auditory system to improve signal detection in comodulated background noise are illustrated in Fig. 1b.
Despite the relevance of comodulation masking release
and other processes related to auditory grouping and the
analysis of auditory scenes for understanding real-life
communication mechanisms, so far only few studies explored their neural bases. Studies of the neural mechanisms underlying comodulation masking release have been
conducted in the primary auditory cortex of the anesthetized cat [2,12], in the cochlear nucleus of the anesthetized
guinea pig [13], and in the auditory nerve of the anesthetized chinchilla [14]. The results have been compared to
human psychophysical data. Here we present a study of
the neural basis of comodulation masking release in a
songbird, the European starling, that compares neural
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Fig. 1. (a) An oscillogram of 3 s recording of a dawn chorus of birds in
a deciduous European wood in spring. (b) Illustration of the effect of comodulation on signal detection. The graph shows amplitude ¯uctuations
in three exemplary 100 Hz frequency bands cut out of an 800 Hz wide
band of comodulated noise by digital ®ltering. Comodulation creates a
distinct temporal structure of the envelope of the masking background
noise. The envelope ¯uctuations are correlated between different
frequency bands that can be analyzed in separate frequency ®lters of the
auditory system (see parallel traces). When a 200 ms tone is added to
one of the frequency bands of the background noise (600±700 Hz,
indicated by the position of the bar underneath the amplitude vs time
trace in the middle), a constant high amplitude is found in this frequency
band and the envelope ¯uctuations are reduced. This steady increase in
signal energy within a single frequency channel may provide one type of
cues that the neurons that can exploit for improved signal detection in
comodulated noise. In addition, during the presence of the tone the
correlations of the envelopes between the frequency band with the
added signal and the other frequency bands in the noise are reduced (i.e.
the envelopes become more dissimilar). Thus, comparisons across
frequency channels may provide another type of cue serving the neurons
to improve signal detection in comodulated noise. A more in-depth
discussion of the different cues that may lead to a release from masking
by comodulation can be found in the review by Moore [9].

responses in an awake, freely-moving animal with its
psychophysical performance using the classical paradigm
for demonstrating comodulation masking release that was
pioneered by the work of Hall et al. [7].
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Experiments were performed on nine wild-caught adult
European starlings (Sturnus vulgaris) of both sexes. Polyimid-coated CrNi-wires (diameter 17 ìm) were sharpened
at the tip and chronically implanted in the birds' auditory
forebrain in clusters of up to 14 microelectrodes. Surgery
was performed under full anesthesia (0.8±3% halothane,
moisturized oxygen as the carrier) and the birds were
placed in a stereotactic apparatus to enable the electrodes
to be guided through a slit in the dura to the input layer of
the ®eld L complex in the forebrain that is analogous to the
primary auditory cortex (for review see [15]). Localization
of recording sites was con®rmed by standard histology
[16]. The electrodes were ®xed to the scull using dental
acrylic, and an additional socket was glued to the electrode
cluster for carrying a transmitter [16,17]. Surgical wounds
were treated with a local anesthetic (lidocain). In all birds,
the surgical wounds healed rapidly and the electrodes
stayed in place up to several months. The procedures of
animal experimentation were approved by the Government
of Upper Bavaria, Germany. All procedures were performed in compliance with the NIH Guide for the Care
and Use of Laboratory Animals. Multiple-unit activity was
recorded via radiotelemetry using a small FM radiotransmitter (Frederick Haer type 40-71-1, 5.3 g including battery)
with a high-impedance input stage. During the recording
sessions the individual was sitting in a cage inside a
sound-proof booth and was totally unrestrained. The
transmitted signal was received by a commercial FM tuner
with the antenna placed in the booth, band-pass ®ltered
(500±5000 Hz), ampli®ed and stored at a sampling rate of
32 kHz on the disk of a SiliconGraphics Indy workstation.
After rejection of recording artifacts, spikes were detected
using a software window discriminator.
Pure-tone stimuli and noise maskers were synthesized
digitally by the SGI workstation using its 16-bit digital-toanalogue converter at a sampling rate of 32 kHz. All noisemaskers were generated by digital FIR-®ltering of Gaussian
white noise. To generate 'unmodulated' maskers of a
certain bandwidth, the Gaussian noise was only band-pass
®ltered (cut-off > 1400 dB/octave). To generate 'comodulated' maskers, the Gaussian white noise was multiplied
with a 12.5 Hz low-passed noise (the modulator) prior to
band-pass ®ltering. In the experiments, the masking noise
had a bandwidth of 50, 200, 800 or 3200 Hz. A detailed
description of stimulus generation can be found in Klump
and Langemann [11]. The sound level of the comodulated
noise was increased by an amount that ensured that
unmodulated and comodulated noise of the same bandwidth had the same long-term acoustic energy.
Tone bursts and noise-maskers could be presented
simultaneously by mixing the two output channels of the
workstation in a hi-® ampli®er (Yamaha A 520). The
stimuli were played through a midrange speaker (McFarlow 100MT) mounted at the ceiling of the booth. The setup in the sound-proof booth was calibrated using a
General Radio 1982 precision sound-level meter with the
microphone placed 80 cm below the speaker, i.e. at which
the bird's head would be in the experiment.
For each multiple unit, ®rst a frequency tuning curve
(FTC) was determined using statistical criteria derived
from signal detection theory and the unit's characteristic
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frequency (CF, the frequency that elicited a response at a
minimal level) and best threshold (the sound-pressure level
at the CF) were measured (for details see [16]). The unit's
noise threshold was determined from peristimulus time
histograms (PSTHs) that were constructed from responses
to a pulsed 100 Hz wide band of noise (400 sms duration,
the center frequency was always the unit's CF) presented
at 13 different spectrum-levels in 5 dB increments. Data
from 20 artifact-free responses were averaged.
Analogous to the psychoacoustical experiments in the
same species [11], we studied the masking of a test tone
(CF, 200 ms duration, 10 ms linear ramp) by a continuously
presented noise. Maskers had a spectrum level of, on
average, 16.4 dB SPL (i.e. were presented at a level that
was on average 20 dB above the neurons' threshold determined with a noise stimulus of 100 Hz bandwidths at each
recording site). The test tone was presented in 5 dB increments from 10 dB SPL to 70 dB SPL. At each level, tone
bursts were repeated until 20 artifact-free recordings were
obtained. The response threshold indicating detection of
the test tone in noise by the neurons was de®ned as the
mean spike rate observed while the masker alone was
presented plus the standard deviation multiplied by a
factor of 1.8 (this corresponds to a d9 of 1.8 in signal
detection theory terms as the threshold criterion). Similar
to the psychoacoustic study in the starling, the neuronal
release from masking was determined as the difference
between the threshold for detection of the test-tone when
masked with unmodulated and with a comodulated noise
of the same bandwidth. Positive values for the release from
masking indicate lower detection thresholds for tones in
comodulated noise.
A Wilcoxon matched-pairs signed-ranks test was employed for comparisons on pairs of measurements from the
same recording site. Multiple comparisons of repeat measurements were done with a Friedman test. Data from
independent samples of clusters were compared with a
Mann-Whitney U-test. All p values are two-tailed.

RESULTS

Multi-unit recordings from a total of 26 recording sites in
the forebrain provided the data base for the analysis. When
stimulated with tones, all clusters showed phasic-tonic (i.e.
primary-like) response characteristics followed by an off
response or by spontaneous activity in 19 and seven
clusters, respectively. Average ( s.d.) spontaneous activity
was 73  22 impulses/s. The multi-unit responses were
tuned to CFs ranging from 1.2 kHz to 6.0 kHz covering the
starling's range of sensitive hearing. The unit's best thresholds ranged from 11.4 to 39.6 dB SPL (21.7  7.1 dB SPL).
The majority (69%) of the clusters had inhibitory sidebands
¯anking the excitatory tuning curves [16]. Units were
sharply tuned with an average Q10dB of 5.37  2.36 and an
average Q40dB of 3.16  0.94. The slopes of the excitatory
tuning curves were very steep; median high-frequency and
low-frequency slopes were 163 and ÿ172 dB/octave, respectively. The bandwidth of the excitatory frequency
tuning curve 10 dB above the neurons' threshold was
743 Hz on average.
The responses that were recorded from the multi-unit
clusters when stimulated with unmodulated band-pass
noise varied signi®cantly with the bandwidth of the noise
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(range 50±3200 Hz; p , 0.00005, Friedman test, see Fig. 2a).
Note that the spectrum level of the noise was held constant
resulting in an increase of 6 dB for each step of increasing
noise bandwidth. The response strength ®rst increased from
101 impulses/s at a noise bandwidth of 50 Hz to 127
impulses/s at a noise bandwidth of 800 Hz and then decreased to 117 impulses/s with a further increase in the noise
bandwidth to 3200 Hz (all pair-wise comparisons except the
one between noise bandwidth 200 Hz and 3200 Hz revealed
signi®cant differences; p , 0.05, Wilcoxon test). A similar
response pattern was found when the units were stimulated
with comodulated noise of the same range of bandwidths
and an intensity that was equal to the intensity of the
unmodulated noise of the same bandwidth. As in the case of
the unmodulated noise, the response strength varied signi®cantly with the bandwidth of the noise (range 50±3200 Hz;
p , 0.0001, Friedman test, see Fig. 2a). The response strength
®rst increased from 97 impulses/s at a noise bandwidth of
50 Hz to 123 impulses/s at a noise bandwidth of 800 Hz and
then decreased to 111 impulses/s with a further increase in
the noise bandwidth to 3200 Hz (all pair-wise comparisons
except the one between noise bandwidth 200 Hz and
3200 Hz revealed signi®cant differences; p , 0.05, Wilcoxon
test). With the exception of the responses at a noise bandwidth of 50 Hz ( p , 0.005), there were no signi®cant differences in the units' responses when stimulated with the
unmodulated or the comodulated noise.
Although the response strength to the noise alone did
not differ for noise bandwidths ranging from 200 Hz to
3200 Hz, the detection thresholds for the CF tones differed
signi®cantly between the unmodulated and the comodulated condition (all p , 0.01, Wilcoxon test, see Fig. 2b).
Compared with the units' tone-derived best threshold in
quiet, the units' average tone threshold in the presence of
the noise maskers was elevated between 16.9 and 27.3 dB.
The signal to noise ratio (i.e., the level of the tone relative
to the spectrum level of the noise masker) for the masker
of bandwidth 3200 Hz was 29.2 dB. On average, masked
thresholds for detection of the tone were decreased by
3.3 dB, 5.2 dB, 4.7 dB and 6.5 dB in the comodulated condition versus the unmodulated condition for maskers of a
bandwidth of 50 Hz, 200 Hz, 800 Hz and 3200 Hz, respectively. For masker bandwidths of > 200 Hz between 23%
and 31% of the recording sites showed a masking release
of > 10 dB and between one and three of the recording
sites showed a masking release that was close to the value
of the average behavioral masking release [11] of 18 dB or
even better. The relative number of clusters showing a
masking release was relatively independent of bandwidth
of the noise ranging from 69% for maskers of 800 Hz
bandwidth to 81% for maskers of 3200 Hz bandwidth.
There was no signi®cant variation in the neurons' masking
release when stimulated with noise of differing bandwidth
( p  0.60, Friedman test), i.e. the masking release did not
increase with increasing bandwidth (Fig. 2c). There was no
difference in masking release between the condition in
which the bandwidth of the noise was restricted to the
excitatory tuning curve of the cluster versus the largest
bandwidth of 3200 Hz. Recording sites with substantial
inhibitory sidebands did not show more CMR for the
3200 Hz maskers than those lacking inhibitory sidebands
(U-test, p . 0.1).
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Unmodulated masking noise stimulated the units and
affected neuronal signal-detection thresholds for tones as
predicted from the clusters' excitatory tuning curves and a
previous study of simultaneous tone-on-tone masking in
the starling [16,17]. Since the noise maskers had a constant
spectrum level, an increase of the masker bandwidth
resulted in a larger overall intensity of the masker providing excitation and should thus have lead to an increase of
the neural response up to a noise bandwidth corresponding to the width of the clusters' excitatory tuning curve.
The observed increase in the clusters' impulse rate up to a
noise bandwidth of 800 Hz matched quite well the bandwidths of the units' excitatory tuning curves of 743 Hz
measured 10 dB above their threshold. A further increase
in the bandwidth of the stimulating noise resulted in a
reduced response. This can be expected given that most of
the clusters displayed inhibitory sidebands together with
their excitatory tuning curves [17]. The signal-to-noise ratio
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Fig. 2. (a) Activity of multi-unit clusters elicited by noise of different
bandwidth and envelope modulation. Error bars show s.e.m. (b) Masked
thresholds for the detection of a tone centered in the band-limited noise
in relation to the bandwidth and the envelope modulation of the masker.
Error bars show s.e.m. (c) Release from masking resulting from envelope
modulation in relation to the masker bandwidth. Error bars show s.e.m.

of 29 dB, which was needed by the neurons for detecting a
tone in an unmodulated wide-band masker, was as would
be predicted from the Q10-dB bandwidth of the tuning
curves of 743 Hz that was determined with tones. If we
assume that the sound energy of the tone at the neuronal
detection threshold is equal to the sound energy of the
noise passed through the neuronal frequency ®lter (this
assumption is commonly made in psychophysical studies
of masking using wide-band noise [10,18]), we can compute the neurons' equivalent rectangular ®lter bandwidth
from the signal to noise ratio at threshold. The sample of
neurons of this study had a noise-derived equivalent
rectangular ®lter bandwidth of 787 Hz, indicating that the
neuronal ®lter bandwidth derived in a masking paradigm
is similar to the Q10-dB bandwidth of the tone-derived
excitatory tuning curve. The neuronal critical masking ratio
of 29 dB was slightly larger than the value of the psychophysical critical masking ratio that varied between 21 and
27 dB for frequencies from 1 to 6.3 kHz, respectively.
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In general, comodulated bands of noise resulted in the
same amount of neuronal excitation as unmodulated noise
of similar bandwidth and overall long-term sound energy.
This would be predicted if the neurons acted as integrators
with a long integration time (which has been estimated
from psychophysical data to have a value of about 0.5 s
[19]). We cannot explain why a signi®cant reduction of the
response occurred in cases in which the noise of a bandwidth of 50 Hz was comodulated. Despite the similarity of
the response elicited by the unmodulated and the comodulated masker alone, the detection threshold for the
tone was signi®cantly lower in the comodulated masker.
Contrary to results from a behavioral study in the starling
[11] in which an average release from masking by comodulation of 18 dB was found for a noise of a bandwidth
of 1600 Hz, the average neuronal release from masking was
only 5.6 dB (data from noise bandwidth 800 Hz and 3200 Hz
averaged). It has been argued, however, that psychophysical detection thresholds may often be represented by the
responses of the most sensitive neurons [20]. If we follow
this argument, we can interpret our results as showing a
good match between neural and behavioral data.
The average neuronal release from masking was much
more similar to the starling's psychophysical release from
masking of 5.4 dB that was observed for maskers of 200 Hz,
i.e. those con®ned to a single auditory frequency ®lter [21].
It is interesting to note in this context that we did not
observe an increase in the neuronal masking release for
maskers having a larger bandwidth than the bandwidth of
the units' excitatory tuning curves. Thus, inhibitory interactions between different frequency ®lters in the starling's
primary auditory forebrain do not appear to play a role in
this masking paradigm. This is emphasized by the observation that the masking release was not reduced for clusters
that had no clear inhibitory sidebands bordering the
excitatory response.
Our neurophysiological data from the starling's auditory
forebrain are different in at least some respect from that
obtained from other animals. So far, the only other neuronal data are from anesthetized mammals. They provide
different explanations for comodulation masking release.
The data from the cochlear nucleus of the guinea pig
suggest, for example, that inhibitory processes may be
involved in generating the release from masking [13] which
in the forebrain of the starling, i.e. in the area that is the
analogue of the mammalian primary auditory cortex, do
not appear to play a role. In the starling, it was the
increased rate of neuronal discharge that indicated the
occurrence of the tone signal in the masking background
and that increase occurred at lower levels of the tone in comodulated maskers. In the auditory cortex of the cat,
however, neurons respond to a tone that is added to an
amplitude modulated masker by reducing the neuronal
discharge and changing their temporal response pattern
[2,12].

CONCLUSION

So far, we cannot describe a universal neuronal mechanism

for explaining patterns of comodulation masking release
that are observed to be at least qualitatively similar in
psychophysical experiments with some birds and mammals. Neurons in the starling's brain react differently in a
comodulation masking release paradigm, both with respect
to temporal aspects of their discharge and with respect to
across-frequency inhibition, than the neurons in other
species that have been investigated. It needs to be shown
by studying more species whether this may re¯ect different
coding strategies in the brain of birds and mammals.
Recent experiments [22,23] analyzing aspects of comodulation masking release using brief probe-tone signals and
sinusoidally amplitude-modulated maskers also indicate
some differences between starling and human auditory
processing. More studies of psychophysics and physiology
of neuronal processing mechanisms in awake preparations
are needed to provide a better understanding of the basic
mechanisms underlying such demanding auditory tasks
necessary to analyze natural acoustic scenes.
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