
Abstract Simultaneous masking of pure tones was
studied in the primary auditory forebrain of a songbird
species, the European starling (Sturnus vulgaris). The
responses of 32 multi-unit clusters in the input layer of
the auditory neostriatum (field L2a) were recorded via
radiotelemetry from freely moving birds. The probe was
a 10-ms tone burst at the units’ characteristic-frequency
(CF) presented 20 dB above the threshold. The masker
was an 80-ms tone burst presented either at the units’
CF (excitatory masker) or at a frequency located in in-
hibitory side-bands (inhibitory masker) of the units’ tun-
ing curves. The probe was presented either 3 ms or 63 ms
after masker onset. Probes presented at a 3-ms delay
were influenced at significantly lower levels of an excita-
tory masker than probes presented at a 63-ms delay.
The mean difference in masker level at the detection
thresholds for both probe delays was 8 dB. No difference
in masker level was observed for inhibitory-frequency
maskers. The observed neural masking effects may be
explained by at least four mechanisms: (1) swamping of
the probe response by the response to the masker, (2) a
reduction of the probe response during neural adapta-
tion of the response to the masker, (3) a reduction of the
probe response during side-band inhibition in the central
nervous system, and (4) suppression originating in the
cochlea.
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Introduction

The term “simultaneous masking” refers to acoustic events
when a signal that ought to be detected (called a “probe”)
is presented at the same time as a disturbing sound, the
“masker.” As a consequence, the threshold of audibility
for the probe is raised by the masker, i.e., the detection
threshold for the signal is increased in the presence of a
masker (see overview in Moore 1989). Traditionally, the
perceptual masking of one sound by another has been
thought to be influenced only by the auditory filter cen-
tered at the signal frequency (i.e., the critical band; see
Scharf 1970). Fletcher (1940) already attributed the
spectral filtering in the auditory system to the frequency-
tuning properties of the cochlea. These spectral filter
properties are reflected, with some modification, in the
excitatory frequency-tuning curves of neurons through-
out the auditory system. Indeed, excitatory filter band-
widths of auditory neurons that were measured applying
a masking paradigm matched results from behavioral
measurements quite well both in the cat’s inferior collic-
ulus (Ehret and Merzenich 1985) and cortex (Ehret and
Schreiner 1997) and in the starling’s forebrain (Nieder
and Klump 1999).

There is considerable evidence, however, that ob-
servers routinely make comparisons across auditory fil-
ters rather than listening only through a single filter
(see review in Moore 1992). In addition, the patterns of
temporal fluctuations of the masking noise both within
and across auditory filters substantially influence the
amount of masking (e.g., in a phenomenon called “co-
modulation masking release” which has been observed
in both humans and the European starling; see Hall et
al. 1984; Klump and Langemann 1995). Temporal ef-
fects in simultaneous masking within and across audi-
tory filters have been found to be of great importance
in this context (see McFadden and Wright 1992). The
psychophysical “overshoot” effect is another phenome-
non demonstrating temporal effects in masking (Elliott
1965; Zwicker 1965a, b; Fastl 1979). In an overshoot
experiment, the masking of a brief signal by a simulta-
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neous long-duration masker is found to be greatest
when the onset of signal and masker coincide and de-
creases as the signal onset is delayed relative to that of
the masker. The magnitude of the overshoot effect in-
creases with increasing bandwidth of the masker (Zwik-
ker 1965a; Bacon and Viemeister 1985) providing fur-
ther evidence that both processes within one auditory
filter and computations across several auditory filters
may contribute to temporal masking effects (see also
Wright 1997).

Despite the significance of temporal and spectral ef-
fects in simultaneous masking for understanding auditory
signal detection in the natural environment, with its
ubiquitous background noise, only a few studies in the
auditory periphery have so far investigated the underly-
ing neural mechanisms (Smith and Zwislocki 1971). To
facilitate the interpretation of the experimental results,
the neurophysiological studies used gated two-tone stim-
uli (a tonal masker and a tonal probe) in the experiments
rather than spectrally and temporally complex signals.
Here we present data on temporal effects in simultaneous
masking from a neurophysiological study in the forebrain
of a songbird species that has proven to be an excellent
model for various aspects of the perception of masked
signals (Klump and Langemann 1995; Langemann et al.
1995). We recorded multi-unit activity in awake and
freely moving European starlings (Sturnus vulgaris)
while presenting a probe with two different delay times
relative to the masker onset in a two-tone masking para-
digm. To evaluate spectral effects, we presented maskers
both within the excitatory tuning curve of the cell cluster
(i.e., at the characteristic frequency) and at an adjacent
inhibitory frequency (i.e., a frequency close to the center
of an inhibitory side-band). Presenting masker and probe
at the same frequency within the limits of the excitatory
tuning curve is analogous to a perceptual paradigm in
which masker and probe stimulate the same auditory fil-
ter. Presenting the probe in the center of the excitatory
tuning curve and the masker at the center of an inhibitory
side-band should be analogous to a perceptual paradigm
in which information from two separate auditory filters
interact.

In the auditory periphery, two mechanisms are thought
to affect the analysis of a probe tone masked by a second
tone. Firstly the swamping (or line-busy) hypothesis as-
sumes that the excitatory response to the masker creates
a level of activity such that the additional excitatory re-
sponse to the probe tone cannot produce any further in-
crement in the response (Pickles 1984). Secondly, sup-
pression of the probe-tone response by the masker may
occur even if the masker alone does not elicit any excita-
tion (Sachs 1969). According to the suppression hy-
pothesis, the activity elicited by the probe will be re-
duced to a level similar to the spontaneous activity such
that the probe tone cannot be detected. We will discuss
whether these mechanisms are sufficient for explaining
the observed patterns in forebrain units or if additional
mechanisms in the central auditory system affect tempo-
ral effects in simultaneous masking.

Materials and methods

Preparation and recording

Experiments were performed on eight adult starlings (Sturnus vul-
garis) of both sexes caught in the wild. The birds weighed be-
tween 70 and 99 g. A detailed description of the manufacturing of
electrodes and the surgical procedures is given elsewhere (Nieder
and Klump 1999). Briefly, polymide-insulated nickel-chrome re-
sistance wires with core diameters of 17 µm were sharpened at the
tip in a procedure similar to that described by Jacob and Krüger
(1991). The impedance of the microelectrodes measured in 0.9%
NaCl ranged from 300 kΩ to 1 MΩ (1000 Hz, a.c.). Several mi-
croelectrodes were attached to the sockets of an Amphenol IC-
socket connector.

The birds were given atropine (0.05 ml) subcutaneously and
anesthetized with 0.8–3% halothane. They were fixed in an stereo-
taxic holder and body temperature was maintained. A small hole
was made in the skull 1.5–2.5 mm rostral and 0.8–1.1 mm lateral
of the bifurcation of the sinus sagittalis. Stereotaxic coordinates
were chosen to reach the input layer of the field L complex, L2a.
Electrodes were inserted into the auditory neostriatum as bundles.
After implantation of two indifferent electrodes, the whole array
was fixed to the skull with dental cement and the wound was
closed using tissue glue. In addition, a socket for the transmitter
was glued onto the electrode array. After the birds awoke from an-
esthesia, they were carried to their home cages. Recordings started
after 2 days or more but not before the animals had eaten. The
care and treatment of these birds were in accordance with the pro-
cedures of animal experimentation approved by the Government
of Upper Bavaria, Germany.

All multiple-unit data presented here were recorded via radio-
telemetry from a freely moving bird. During the recording ses-
sions, the bird was sitting in a cage (25 cm×53 cm×35 cm) inside a
custom-built soundproof booth. The birds were habituated to the
stimuli and the setup and usually sat calmly on the only perch, in
the center of the cage, during recording. Food and water were pro-
vided ad libidum. A miniature FM radiotransmitter (type 40-71-1;
Frederick Haer, USA) with a high-impedance input stage was at-
tached to the bird’s skull. Transmitted signals were filtered (band-
pass 500–5000 Hz) and amplified. The recorded signal was digi-
tized with a sampling rate of 32 kHz and stored on the disk of a
Silicon Graphics Indy Workstation. Recordings containing arti-
facts caused by movement of the bird (i.e., signals with amplitudes
that were more than twice as large as the amplitude of the neuro-
nal discharge) were automatically rejected and the stimulus was
presented again. The multiple-unit activity (“impulses”) was extract-
ed using window-discriminator software representing an amplitude-
threshold device with a constant nontriggering delay of 0.5 ms.
The recordings were stable several days after implantation, since
the floating electrodes were not moved once implanted. Constancy
of the amount of background activity and the cluster’s frequency
tuning during the recording session was used as an indication that
we recorded from the same site throughout the period of data col-
lection. By comparing the spontaneous activity of the multi-unit
recording with the mean spontaneous activity obtained in single-
unit recordings from the starling’s forebrain, we can estimate that
on average we recorded the activity of five cells per cluster.

Stimulus generation

Prior to the experiments, the soundproof booth was calibrated with
a sound-level meter (General Radio 1982 precision sound-level
meter) and a condensor microphone (General Radio 0.5′′ micro-
phone type 1962-9611). The microphone was placed at about the
location where the bird’s head would be while it was sitting on the
perch in the cage. The frequency response of the setup was cor-
rected to vary within ±2 dB.

All stimuli were produced by an SGI Workstation, using its 16-
bit digital-to-analog converter at a sampling rate of 32 kHz. They
were adjusted in level by a computer-controlled attenuator (TDT
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PA 4). Using the workstation’s stereo output, stimuli could be pre-
sented simultaneously by mixing the two channels in a Yamaha A-
520 hi-fi amplifier. The stimuli were played through a single mid-
range speaker (McFarlow 100MT) mounted on the ceiling of the
booth.

Prior to masking experiments, frequency-tuning curves (FTC)
were measured for each recording site by analyzing responses to
169 different frequency-level combinations of 250-ms tone bursts
(five repetitions; 750-ms interstimulus interval). A FTC and inhib-
itory side-bands were constructed for each recording site using a
statistical criterion. The response threshold was defined as an in-
crease in the mean response rate during presentation of the 250-ms
signal by 1.8 SDs above the mean spontaneous rate. The spontane-
ous rate was determined from the number of impulses in 100-ms
intervals preceding the presentation of the tone burst for all fre-
quency-level combinations. The threshold for inhibition was a de-
crease in the mean response rate during signal presentation by 1.8
SDs below the mean spontaneous rate. From these FTCs, the CF,
the threshold at CF, and the threshold at the cluster’s most sensi-
tive inhibitory frequency were measured.

The stimulus to study simultaneous masking consisted of a 
10-ms pure-tone signal (probe) that was presented simultaneously
with an 80-ms pure-tone signal (masker). The phase angle of the
probe relative to the masker’s phase angle was random. This stimu-
lus was repeated 20 times for all recording sites. The probe and
masker had 1-ms and 3-ms rise and fall times, respectively, with a
Gaussian rise and fall. The interstimulus interval was 920 ms. The
masker frequency was either at the CF of the multi-unit cluster, or
a frequency in the center of an inhibitory side-band. The masker
level was varied in 5-dB-steps from 10 dB SPL to 70 dB SPL. The
probe was always a CF tone presented at a level 20 dB above the
recording site’s threshold. To study masking effects right at the on-
set of the masker (the masking sound reached maximum amplitude
after 3 ms), the probe was presented 3 ms after masker onset (3-ms
probe-delay). In the second configuration, the probe was presented
temporally delayed from the masker’s onset to explore effects oc-
curing during an ongoing masker (63-ms probe-delay; see Fig. 1).

Data analysis

The spectral tuning properties and the latency of each multi-unit
cluster were determined by objective criteria as described above
(for details, see Nieder and Klump 1999). The response latency
was defined as the time of occurrence of the first of two consecu-
tive 1-ms time bins in the peristimulus time histogram (PSTH)
containing a number of impulses that was at least 2 SDs greater
than the mean spontaneous rate.

In the simultaneous masking experiment, the combined activi-
ty evoked by the probe and the simultaneously played masker was
analyzed in a 10-ms time window (according to the probe dura-
tion) that was shifted by the cluster’s latency. Since the activity in
this time window was generally dominated by the impulses evoked
by the probe (at least at low masker levels), we will call this activ-
ity the “probe-driven response.”

An identical analysis window was used to analyze the response
that was elicited by the masker alone to 60 stimulus repetitions.
Thus, the magnitude of masker-driven and probe-driven responses
could be compared. The impulse rates produced by the probe alone
were derived from 60 repetitions. A neuronal detection threshold
for the probe-tones was reached if the impulse rate elicited by
probe and masker together was just significantly different from the
response evoked by the masker alone (binomial test, criterion:
P<0.01).

To characterize the masking effects on the probe-evoked re-
sponse, a response index (RI) was computed: RI=(P+ML)/P, where
P+ML is the combined activity of a probe and the simultaneously
presented masker at a given masker level L and P is the response
to the probe alone (at a constant level 20 dB above the threshold).
A response index of 1 indicates no difference between the un-
masked and masked probe response. A response index that is small-
er than 1 indicates that the response to the combination of probe
and masker is smaller than the response to the unmasked probe. A
response index that is larger than 1 indicates that the response to
the combination of probe and masker is stronger than the response
to the unmasked probe. A Wilcoxon test was employed for com-
parison of P+ML and P (two-tailed P-values).

Histological verification of electrode penetration

After lesioning several recording sites, animals were killed by an
overdose of pentobarbital sodium, and, after an initial flush of the
circulatory system with a solution containing 0.9% NaCl and 0.5%
NaNO2, the brains were fixed by transcardial perfusion of 200 ml
paraformaldehyde (6%). The skull and the electrodes were re-
moved and the brain was kept in the fixative for several days. Pri-
or to sectioning, the brain was kept in the same fixative with an
additional 10% and 30% sucrose, serving as a cryoprotective. Af-
ter embedding in egg yolk fixed by glutaraldehyde, frozen sagittal
sections (50 µm) were cut and counterstained with cresyl violet.
Electrode penetrations were marked by prominent cells (probably
glia) surrounding the electrode trunk. The location of the electrode
tips was either determined by searching for lesion marks or for the
end of the glia-cell tube. The data from 32 recording sites present-
ed in this study were found to lie within the thalamorecipient zone
of L2, L2a (Wild et al. 1993).

Results

Simultaneous masking was studied in 32 multi-unit clus-
ters recorded in the input layer L2a of the field L com-
plex, the primary auditory forebrain of birds (Wild et al.
1993; Vates et al. 1996). The spectral tuning properties
of all recording sites were studied in detail prior to the
masking experiments described here (for details see Nie-
der and Klump 1999). For each cluster, a FTC and inhib-
itory side-bands were determined and several parameters
were extracted (e.g., CF, threshold at CF, bandwidth of
excitatory and inhibitory threshold curves). Since we used
the CF of each recording site as the probe-tone frequen-
cy and the masker was either at the CF or at an inhibito-
ry side-band frequency, the knowledge of these spectral
tuning properties was a prerequisite for the current study.
Figure 2 shows an example of the FTC and the inhibitory
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Fig. 1 The simultaneous-masking protocol used in this study. The
probe frequency was always the recording site’s characteristic-fre-
quency (CF). The masker was either a CF tone or a tone at a fre-
quency within inhibitory side-bands. For further details, see Mate-
rials and methods



side-bands of a certain recording site. The spectral rela-
tion of the excitatory masker (that was always the clus-
ter’s CF) and the inhibitory masker are indicated by the
two dashed vertical bars. The frequencies of the excitato-
ry and the inhibitory masker were chosen according to
each individual recording site’s tuning characteristics. For
all multiple-unit clusters, the range of CFs was between
1 and 6 kHz; the mean threshold at CF for all cell clus-
ters was 21 dB SPL, with a minimal best theshold of 
11 dB SPL.

Responses to the probe alone

The probe-tone was always presented at a level 20 dB
above the recording site’s threshold. It elicited a high, but
not a saturated discharge. Compared with the onset re-
sponse of an 80-ms CF tone at a level of 70 dB SPL (that
is close to the saturated activity), the probe evoked a sig-
nificantly smaller response in the 10-ms time window
(P< 0.0001, Wilcoxon, two-tailed, n=32). On average, the
amount of discharge evoked by the probe alone at a level
of 20 dB SPL was 83% of the discharge produced by the
70-dB tone. For both probe delays, the impulse-rate of
the response to the probe at a masker level of 10 dB SPL
was not different (P=0.26; Wilcoxon; two-tailed, n=32).

Simultaneous masking with an excitatory masker

The temporal response characteristics during an ongoing
CF-stimulus (i.e., the excitatory masker) were quantita-
tively determined for all cell clusters (Nieder and Klump
1999). With one exception where the response was found
to be purely tonic, all multi-unit clusters recorded in
field L2a displayed a temporal pattern called “phasic-
tonic” or “primary-like”. These responses were charac-
terized by a maximum firing rate near the onset of stimu-
lation (“phasic”) and, subsequently, a decreasing impulse
rate to a steady (“tonic”) level (see for example record-
ing site in Fig. 4). Several phasic-tonic clusters experi-
enced OFF-inhibition.

Figure 3 shows mean rate-level functions produced by
the excitatory CF-masker alone during a 10-ms time win-
dow at masker onset (3-ms delay) and at a time delay of
63 ms (i.e., the sustained response) shifted by the same
latency as used in determining the probe-driven response.
The mean rate-level function at masker onset had a sig-
moid shape with the steepest slope found for levels be-
tween 20 and 45 dB SPL. For the sustained activity, how-
ever, the mean rate level function was almost linear. Fir-
ing rates during the sustained response at higher CF-
masker levels were well below the ones determined for
the onset response.

To characterize temporal effects of simultaneous mask-
ing, we focus on the probe-evoked response. It was in-
creasingly covered by the masker-evoked response as is
shown in Fig. 4 displaying peristimulus time histograms
of a typical recording site. At low masker levels (10 and
20 dB SPL), the probe elicited a strong discharge at both
probe delays. In the left column it is shown that with in-
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Fig. 2 Spectral relation of excitatory and inhibitory masker-fre-
quencies at a certain recording site. The plot shows the cluster’s
frequency-tuning curves (FTC; continuous lines) and the two in-
hibitory side-bands (dotted lines). At this recording site, the CF
was 2400 Hz. Therefore, the frequency of the probe and of the ex-
citatory masker was 2400 Hz (indicated by the right vertical
dashed line). The frequency for the inhibitory masker was 1600
Hz (left vertical dashed line), at the spectral center of the low-fre-
quency side-band.

Fig. 3 Normalized mean rate-level functions for responses to the
CF masking-tone alone. Functions were derived from measure-
ments in a 10-ms time-window delayed by 3 ms (onset masker re-
sponse) or 63 ms (sustained masker response) relative to the mask-
er onset, respectively. This time window was identical to the one
used to derive the responses to the masked probe in the masking
paradigm. Error bars ±SE



creasing masker level the phasic onset discharge produced
by the masker increased to the value of the probe-evoked
response at the 3-ms delay (for the masker-onset response
alone see right column). On the other hand, the probe-
elicited activity at the 63-ms delay (right column) exceed-
ed the masker’s sustained activity up to higher masker
levels than observed for the 3-ms delay condition. In ad-
dition, the probe-evoked discharge at the 63-ms delay is
increasingly reduced as is obvious for masker levels of
between 30 and 50 dB SPL. At the highest masker level
of 70 dB SPL, the probe-evoked response could not be
distinguished from the response to the masker alone in
either delay condition.

To quantify the masking effect, the neuronal detection
threshold for the probe was determined (see Materials and
methods for definition). The masking effect was signifi-
cantly stronger at the beginning of the masker. In the 3-ms
delay condition, masker levels that were on average 8 dB
lower than in the 63-ms probe delay condition prevented
probe detection (P<0.0001, Wilcoxon, two-tailed; n=32).
At a 3-ms probe delay, the probe was detectable up to an
mean masker-level of 36 dB SPL, whereas the probe-driv-
en response at a 63-ms delay was detectable up to a mean
masker level of 44 dB SPL. This detection difference was
not correlated with the CF of the recording sites (r=0.027,
P=0.89, Spearman’s rank correlation coefficien; n=32).

The temporal response pattern of neurons in the input
layer of L2a was one of the factors determining the dif-
ference in masking between the delay conditions. At a
delay of 3 ms, the response elicited by the probe coincid-
ed with a strong phasic discharge to the masker onset that
had occurred already at low masker levels (see Fig. 4).
The number of impulses evoked by the masker onset at a
given level was much larger than the sustained activity
(Fig. 3). Thus, the probe-driven activity was covered by
the onset response to the masker at a lower level. A sec-
ond effect became obvious when we compared the rate-
level functions for the masker alone with the rate-level
function obtained with the masker-probe combination.
While the neuronal response to the probe plus masker at
the 3-ms probe delay remained constant for all masker
levels, the discharge elicited at the 63-ms probe delay
decreased as the masker level was increased (Fig. 5). This
reduction of the probe-driven response was reflected by
the number of impulses at the detection threshold. While
at the detection threshold the masker-probe combination
at the 3-ms delay caused a mean discharge of the multi-
unit response of 506 impulses/s (single units can reach a
discharge rate of up to 160 spikes/s; see Leppelsack 1974),
the mean impulse rate for all recording sites was only
308 impulses/s for the 63-ms delay (P<0.0001, Wilcox-
on, two-tailed; n=32). A comparison of the response to
the probe alone and the combined probe plus masker re-
sponse at the detection threshold revealed equal impulse-
rates for a delay of 3 ms (P=0.10, Wilcoxon, two-tailed;
n=32). However, significantly reduced impulse-rates at
the detection threshold were found at a delay of 63 ms
for probe plus masker versus the probe alone (P<0.0001,
Wilcoxon, two-tailed; n=32).
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Fig. 4 Peristimulus time histograms (PSTHs) at a multipe-unit clus-
ter for probes masked with a CF masker (same cluster as in Fig.
2). The upper panels schematically show the stimulus protocol.
The probe was delayed by 3 ms (left column) or 63 ms (right col-
umn). While the probe level was held constant at 20 dB above the
threshold, the masker level was increased form 10 dB SPL (bot-
tom) to 70 dB SPL (top). Although the masker level was raised in
5-dB steps, only decimal masker levels are plotted for clarity.
Each PSTH represents 20 stimulus repetitions (5-ms bin width).
Note the progressive decline of the discharge within the probe in-
terval at the 63-ms probe delay (right column)



To quantify the reduction in the probe-driven re-
sponse, a response index was calculated for all tested
masker levels (see Materials and methods). Figure 6 il-
lustrates that the mean probe-driven discharge at a 63-ms
delay was significantly reduced at masker levels from 30

to 70 dB SPL (indicated by index values in the graph
that are smaller than 1). For probe-delays of 3 ms, how-
ever, there was no reduction of the probe-driven rate. At
masker levels above 40 dB SPL, the index increased to
values above 1. This was due to the masker evoking
larger responses than the probe alone and swamping the
probe-evoked response at high intensities.

Simultaneous masking with an inhibitory masker

The frequency-tuning curves exhibited prominent inhibi-
tory side-bands at 15 of the investigated recording sites.
These inhibitory side-band frequencies may exert a dif-
ferent effect than the masking by tones of an excitatory
frequency. At most recording sites, the side-band inhibi-
tion was more pronounced at frequencies below the CF.
Therefore, the frequency chosen for the inhibitory mask-
er was predominantly lower than the probe frequency.
On average, the spectral distance between the frequency
of the inhibitory masker and the probe frequency (the
CF) was 0.63 octaves. In Fig. 7, the mean response to the
inhibitory masker alone at response onset and during the
sustained activity was plotted against the masker level.
At low levels, the firing rate was more strongly reduced
at response onset than during the ongoing response. The
reduction at high levels, however, was stronger during
the sustained activity than during the onset response. At
intermediate masker levels from 35 to 55 dB SPL, the
rate reductions for both the onset and the ongoing re-
sponses were about equal.
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Fig. 5A, B Rate-level func-
tions at two typical recording
sites for probe delays of 3 ms
(left column) and 63 ms (right
column). Each panel shows the
discharge rate produced by the
masker alone compared with
the combined response of a
probe masked with a CF-tone.
At probe delays of 63 ms, the
probe-driven response declined
to the masker’s sustained
activity level. A reduction of
the probe-evoked response
at a 3-ms delay was not present
with increasing masker levels

Fig. 6 Mean response indices during CF-tone masking calculated
for all recording sites at both signal delays. Negative values indi-
cate a reduction of the probe-evoked response at a 63-ms delay by
the masker. For probes delayed by 3 ms, the response experienced
an increment of activity at higher masker levels, because the CF-
masker elicited an even stronger discharge than the nonsaturated
response to the probe alone. Error bars ±SE. **P<0.01; ***P<0.001



The masking effect of a simultaneously played inhibi-
tory tone on the probe is demonstrated for a typical re-
cording site (Fig. 8). No reduction of the spontaneous ac-
tivity was evident for maskers with levels ranging from
10 to 20 dB SPL. At a masker level of 40 dB SPL, a re-
duction of the spontaneous activity could be observed,
and at masker levels of 50 dB SPL and above, the probe-
driven discharge at both delay conditions experienced a
reduction. Correlated with a progressive reduction of the
background activity during the on-going masker, the
probe-elicited response both at a delay of 3 ms and
63 ms was diminished and finally was totally suppressed
at the maximum masker level of 70 dB SPL. On average,
probes at both the 3-ms and the 63-ms delay became
detectable at about the same masker levels of 54 dB SPL
and 55 dB SPL, respectively. No differences were found
comparing the detection thresholds for probes at
both temporal conditions (P=0.47, Wilcoxon, two-tailed;
n=15).

Figure 9 illustrates the decline of the probe-driven
rate-level functions at two typical recording sites. In both
multi-unit clusters, the discharge caused by the probe at
low masker levels was almost completely abolished as
the inhibitory masker level was increased from 45 dB SPL
to 70 dB SPL. Note that the decline of the activity at a
given masker level is almost identical for 3-ms and
63-ms probe delays.

Comparing the masking effect of excitatory 
and inhibitory maskers

The detection threshold for CF-probes was compared at
individual recording sites where both excitatory and in-
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Fig. 7 Normalized mean rate-level functions for responses to a
masking tone taken from inhibitory side-bands. The highest dis-
charge at any tone level was set 100%. Again, the time windows
for onset and sustained response were identical to the ones used to
derive the responses to the probe during masking with a side-band
frequency. Error bars ±SE

Fig. 8 PSTHs at a typical multiple-unit cluster for probes masked
with an inhibitory masker. The upper panel represents the tempo-
rally correlated stimulus paradigm. As in the experiments with a
CF-masker, the probe was delayed by 3 ms (left column) or 63 ms
(right column). Each PSTH represents 20 stimulus repetitions (5 ms
bin width). The dotted vertical line marks the response onset to
the probe. As the masker level was increased form 10 dB SPL
(bottom) to 70 dB SPL (top), the backgound activity became re-
duced. At a masker level of 70 dB SPL, the probe-evoked dis-
charge was completely suppressed. No differences in the reduction
of the probe-driven responses were found for either probe delays



hibitory frequencies were used as maskers. For probe de-
lays of 3 ms, the level of the masker starting to affect de-
tection of the probe was on average 18 dB higher for in-
hibitory maskers than for excitatory maskers (P<0.001,
Wilcoxon, two-tailed; n=15). For probe delays of 63 ms,
this threshold masker level was on average 11 dB higher
for inhibitory than for excitatory maskers (P<0.005, Wil-
coxon, two-tailed; n=15). In summary, frequencies out-
side the excitatory frequency-tuning curve are capable of
masking CF-probe tones. However, the levels of inhibi-
tory maskers have to be considerably higher than those
of excitatory CF maskers.

Discussion

Interpretation of multi-unit recordings 
in the freely moving starling

Multi-unit activity is comprised of action potentials gen-
erated by several neurons in the vicinity of the electrode
tip. Although we cannot exclude the possibility that neigh-
boring cells in field L possessed different response prop-
erties, several studies performed in the auditory fore-
brain of mammals (Shamma et al. 1993, Gaese and Ost-
wald 1995; Brosch and Schreiner 1997) and birds (Co-
hen and Knudsen 1996, 1998) directly comparing multi-
and single-unit recordings indicate that temporal infor-
mation processing of adjacent neurons is rather similar.
Multi-unit recordings in a freely moving and nonanes-
thetized bird have clear benefits. Firstly, the method is
less stressful for the animal since no restraint is neces-
sary. Secondly, anesthesia has been shown to consider-
ably affect the response of neurons in the starling’s fore-
brain (Capsius and Leppelsack 1996). A comparison of
the spike discharge patterns between alert and anesthe-
tized mammals typically reveals that responses in the au-
ditory cortex of nonanesthetized animals are often more
intense and sustained than those in anesthetized animals.
(Brugge et al. 1969; Brugge and Merzenich 1973). Also

in the auditory forebrain area of the starling, in which the
recording sites of the present study were located, a nota-
ble modification of the sustained response by anesthesia
was found (Capsius and Leppelsack 1996). The sus-
tained response to a masking sound has a prominent in-
fluence on the detection of simultaneously presented
probes.

Neural mechanisms of masking

The probe-masker interactions reflected by the units’ re-
sponses in the starling’s forebrain differed for excitatory
and inhibitory maskers. First we will discuss the results
obtained for excitatory maskers. In response to the mask-
er alone, the auditory forebrain neurons in field L2a of
the starling typically showed a phasic-tonic discharge pat-
tern. The firing rate was maximal near the onset of the
masker and subsequently decreased to a lower sustained
level. This mirrors the activity pattern of auditory-nerve
fibers (Manley et al. 1985). Such a response pattern is
commonly thought to reflect short-term adaptation (Ki-
ang 1965; Smith and Zwislocki 1975). The rapid increase
in the impulse rate with increasing masker level during
the phasic onset response (i.e., at a probe delay of 3 ms)
was sufficient to mask the probe at relatively low masker
levels. This effect can be explained solely by the swamp-
ing hypothesis (Moore and Glasberg 1982; Pickles 1984),
since at the detection threshold the mean impulse rate
elicited by the probe plus masker was not different from
the impulse rate elicited by the probe alone. The swamp-
ing effect cannot be explained by discharge saturation at
response onset since the discharge evoked by the stimuli
was significantly below saturation. It is the relative amount
of impulses elicited by masker plus probe and by the
probe alone that is important. Swamping was less effec-
tive at a probe delay of 63 ms as the sustained response
to the masker at a given level was much lower than the
phasic onset response (Fig. 3).

In the auditory periphery, the improved detection of
the probe during the tonic part of the response to the
masker was explained by an enhanced signal-to-noise ra-
tio resulting from the short-term adaptation in the neural
discharge. For example, Coombs and Fay (1989) observed
in saccular fibers of the goldfish that the spikes added
during probe presentation are about equal, regardless of
the state of adaptation of the fiber to the masker (except
for saturated responses). The effect of the masker on the
response to the probe tended to be independent of the
probe’s temporal position within the masker (Fay 1991).
Studying auditory nerve fibers of the guinea pig, Smith
and Zwislocki (1975) found that the change in firing rate
produced by adding a probe tone to a masker of the same
frequency (i.e., by an increment in the level of a tone) is
nearly independent of the time delay between masker
and probe onset, and, consequently, of the amount of
adaptation. In central auditory neurons of the starling,
however, the response to the probe was definitely depen-
dent on its temporal position in the masker. Contrary to
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Fig. 9 Rate-level functions derived at two typical recording sites
(A and B) for probes masked with inhibitory tones. Each panel dis-
plays the discharge rate produced by probes plus masker delayed
by 3 ms and 63 ms, respectively.With increasing masker levels,
the probe-driven rate became equally suppressed at masker onset
and during the ongoing masker



the observation at the masker onset, we found a signifi-
cantly reduced impulse rate for the probe plus masker
versus the probe alone at a probe delay of 63 ms. This
may be a feature of central auditory processing that is not
observed in the periphery.

For masker frequencies taken from inhibitory side-
bands, the probe-driven response was clearly reduced. In
central auditory neurons, this response can be explained
by the joint action of peripheral suppression and of in-
hibitory processes in the avian auditory pathway (Man-
ley 1990; Müller and Scheich 1988; Nieder and Klump
1999). In contrast to CF maskers, however, for maskers
at inhibitory side-band frequencies the detectability of
the probe was not affected by its temporal position.

Evidence for neuronal overshoot

Psychoacoustic experiments on masking revealed a strong-
er masking of a short probe right at the masker onset
compared with the masking some 10 ms after masker on-
set. This psychophysical effect has been termed “over-
shoot” (Zwicker 1965a, b; Elliott 1965). Temporal effects
of simultaneous masking by a tone that was equal in fre-
quency to the probe tone have been reported by Green
(1969), Fastl (1979), and Bacon and Viemeister (1985).
In these studies, the amount of overshoot was about 5 dB.
For masking paradigms in which broadband noise mask-
ers and brief sinusoidal signals were used, an even great-
er overshoot of about 10–20 dB was observed (Zwicker
1965a). Masker components above the critical band of
the probe tone (i.e., above the frequency channel encod-
ing the probe) were generally more effective in generat-
ing an overshoot than masker components below the crit-
ical band of the probe tone (Bacon and Viemeister 1985;
Schmidt and Zwicker 1991; Wright 1997).

In the current study, a reduction in masking with time
after masker-onset could also be observed in the star-
ling’s forebrain neurons. This neuronal overshoot was
observed when masker and probe were both from the
excitatory frequency region of the tuning curve (i.e.,
from the same excitatory frequency channel that matched
psychophysical critical bands in the starling; see Lange-
mann et al. 1995; Nieder and Klump 1999). Its value
was, on average, 8 dB (Fig. 10), which matches psycho-
acoustical within-channel data quite well. In mammali-
an auditory nerve fibers, Smith and Zwislocki (1971,
1975) calculated that temporal effects in simultaneous
masking were between 3 and 5 dB. Data from CAP mea-
surements in the starling indicate an overshoot in the
bird’s auditory periphery that is in general less than 5 dB
(Oeckinghaus and Klump 1990). The overshoot effect is
therefore at least about 3–4 dB larger in the starling’s
forebrain than in the auditory periphery. Whether this ad-
ditional overshoot is generated in the forebrain or some-
where along the auditory pathway up to field L remains
an open question.

The starling’s forebrain neurons did not exhibit over-
shoot if the masker frequency was outside the excitatory

frequency-tuning curve, i.e., outside the neuronal criti-
cal-band analogue. This result was somewhat surprising,
since psychoacoustic studies in humans demonstrated that
temporal effects in simultaneous masking are dependent
on the spectral relation between masker and probe signal
and occur well beyond the limits of the critical band. For
example, the magnitude of overshoot increases with in-
creases in the bandwidth of a masker that is centered on
the probe frequency (Zwicker 1965a; Bacon and Vie-
meister 1985). Both processes within one auditory filter
and computations across several auditory filters appear
to contribute to the temporal masking effects (McFadden
and Wright 1992; Wright 1997).

These differences between the psychophysical and neu-
rophysiological evidence for overshoot indicate that the
information encoded by the rate response of units in the
auditory periphery and of forebrain neurons in field L2a
do not provide a sufficient explanation of the psycho-
physical data. One possibility is that the relevant neural
computations occur only in secondary auditory forebrain
areas that have not been studied here. However, the
question of whether a temporal neural code (de Charms
and Merzenich 1996), in addition to a rate code, provides
a more comprehensive explanation of the psychophysical
data on the time course of across-channel masking also
needs to be investigated.
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Fig. 10 Detection threshold differences observed for excitatory
and inhibitory masker frequencies. A neuronal “overshoot,” i.e.,
a stronger masking effect at masker onset, was found when the
frequencies of both masker and probe were the CF. Probes with a 3-
ms delay could not be detected anymore with masker levels that
were on average 8 dB lower than for probes with a delay of 63 ms.
With inhibitory masker frequencies taken from the frequency
tuning curves’ side-bands, on the other hand, no difference in de-
tection threshold was found. Probes presented with a 3-ms or 63-
ms delay relative to masker onset were masked at similar masker
levels. Error bars ±SD
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