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The perceptual localization of sensory stimuli is not a 
straightforward process, because such stimuli are encoded 
with reference to the body, whose position can change. 
Different reference frames are used to represent stimuli in 
different sensory modalities, such as eye centered for vi-
sual stimuli and body centered for somatosensory stimuli. 
Auditory stimuli are initially encoded in a head-centered 
reference frame; the spatial coordinates of auditory tar-
gets are extracted from interaural differences in arrival 
time and level. The sound emitted by a source is diffracted 
by its interaction with the head and external ears, and the 
resulting changes in the temporal characteristics and in-
tensity provide cues about the location of the sound rela-
tive to the head (Hofman & Van Opstal, 1998; Middle-
brooks, 1992; Oldfield & Parker, 1984). When action is 
required, the representation of sensory stimuli often must 
be transformed into another reference frame. A visual tar-
get encoded in eye-centered coordinates must be trans-
formed into hand-centered coordinates when a manual 
reach is to be made. Single cell recordings have revealed 
that audio-guided saccades are coded in an eye-centered 
reference frame (superior colliculus [SC]: Jay & Sparks, 
1984; frontal eye fields: Russo & Bruce, 1994; posterior 
parietal cortex: Stricanne, Andersen, & Mazzoni, 1996). 
Saccades to auditory targets are accurate (Frens & Van 
Opstal, 1995; Jay & Sparks, 1984); thus, the preparation 
of auditory saccades requires a coordinate transforma-

tion from head- to eye-centered coordinates. Such trans-
formations are thought to take place in the intermediate 
and deep layers of the SC (Jay & Sparks, 1987a, 1987b), 
where sensory signals about auditory and visual targets 
converge and are represented in terms of motor error (i.e., 
the distance between current gaze position and target posi-
tion; Jay & Sparks, 1987a).

Eye movements are known to influence the perceived 
location of visual targets in space (e.g., Collins, Doré-
Mazars, & Lappe, 2007; Collins, Rolfs, Deubel, & Cav-
anagh, 2009; Ross, Morrone, & Burr, 1997; Ross, Mor-
rone, Goldberg, & Burr, 2001). In particular, when the 
metrics of an eye movement are modified by saccadic 
adaptation, a comparable shift occurs in the perceived 
location of visual targets (Bahcall & Kowler, 1999; Col-
lins et al., 2007; Collins et al., 2009). Saccadic adaptation 
refers to the remarkable ability of the brain to adjust the 
motor parameters of eye movements relative to the sen-
sory coordinates of the target. Adaptation can be observed 
after impairment of the extraocular muscles or nerve le-
sions: Initially ill-directed saccades gradually adjust, and 
after a few days are once again appropriate to the target 
(Abel, Schmidt, Dell’Osso, & Daroff, 1978; Kommerell, 
Olivier, & Theopold, 1976; Optican & Robinson, 1980). 
In these cases, saccadic adaptation realigns saccade met-
rics onto sensory coordinates. In the laboratory, displacing 
the saccade target during movement execution introduces 
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METHOD

Participants
Eighteen participants (ages: 21–38; 7 women) from the Univer-

sity of Hamburg community took part in the experiment in exchange 
for payment or course credit. All participated in the auditory local-
ization session, and 6 participated in both the auditory- and visual-
localization sessions (see below). All were naive with regard to the 
object of the experiment (except one author, T.C.), had normal visual 
acuity, and had no known auditory deficits or neurological disorders. 
All gave their informed consent prior to starting the experiment, 
which was carried out according to the ethical standards of the Dec-
laration of Helsinki (2004).

Instruments and Stimuli
Visual stimuli consisted of 1º-diameter dots presented on an 

Ilyama MS103DT 21-in. screen (vertical refresh rate, 170 Hz). 
Participants sat 57 cm from the screen, and their heads were kept 
stable by chin and forehead rests. Auditory stimuli were presented 
via Oticon bone conductors mounted on foam fixed to the screen 
at 2.5º center-to-center intervals (Figure 1). A sound stimulus con-
sisted of a 30-msec tone emitted from one of the bone conductors at 
167 Hz (i.e., one cycle was 6 msec long). To counteract small varia-
tions in the stimulators’ sound characteristics, we randomly varied 
the time the stimulator was turned on during each cycle (on-time 
0.01–0.1 msec in 0.01-msec steps). This manipulation varied the 
loudness of the stimulators from 50 to 56 dB (measured at the loca-
tion of the ears during the experiment) and prevented participants 
from determining the location of the auditory stimuli on the basis of 
small differences between stimulators. The stimulators were covered 
with acoustically transparent speaker fabric that prevented partici-
pants from seeing the location of each sound source.

Eye movements were monitored with an Eyelink 1000 Remote 
(SR Research, Osgoode, ON) at a 500-Hz sampling rate. Saccades 
were detected online on the basis of velocity ( 30º/sec) and accel-
eration ( 3,000º/sec2) thresholds. At the beginning of a session, the 

an artificial targeting error, because visual perception is 
reduced during eye movements and the target step goes 
unnoticed (Bridgeman, Hendry, & Stark, 1975). However, 
there is a progressive modification of saccadic amplitude 
such that the amplitude eventually becomes appropriate 
to the postsaccadic target position (McLaughlin, 1967). In 
this case, adaptation can be seen as dissociating the motor 
properties of the saccade from the sensory coordinates 
of the target. Importantly, the locations of visual objects 
present around the time of the saccade are also misjudged: 
The perceived locations of visual probes shift in the direc-
tion of the saccadic adaptation (Bahcall & Kowler, 1999; 
Collins et al., 2009). The change in the motor characteris-
tics of the saccade seems to modify the perceived spatial 
characteristics of visual objects.

The present study examined whether saccade metrics 
are involved in the perceived location of auditory targets. 
We examined two sources of saccade metric variability: 
habitual trial-by-trial variability and amplitude changes 
due to saccadic adaptation. Participants had to saccade to 
auditory targets and subsequently compare the location of 
an auditory probe to that of the target. We also ran a visual 
version of the task to be able to directly relate the results of 
our new, auditory task to previous work on visual localiza-
tion. We hypothesized that, because sensory information 
about both auditory and visual stimuli are represented in 
eye-centered coordinates in the SC and because saccadic 
adaptation takes place at this or a lower level (such as the 
cerebellum; Hopp & Fuchs, 2004), the localization of au-
ditory stimuli would shift following the adaptive modifi-
cation of saccade metrics.

Visual fixation dot
400–800 msec

Saccade target
(A or V)

Saccade latency +
250 msec

Probe (A or V)
(one of eight 

possible locations)

Until response
(left or right?)

Visual
saccade target

Target back-step
during saccade

execution

Adaptation Trials 

Probe Trials 

10º 15º 20º 25º

Figure 1. Procedure. Participants fixated the visual fixation dot and pressed a button. After a random interval of 400–800 msec, 
the saccade target appeared. Participants were instructed to make a saccade to the target as soon as it appeared. The screen remained 
blank for 250 msec after saccade detection, and then the probe was presented at one of eight locations (between 10º and 27.5º in 2.5º 
steps). In the auditory localization task, the auditory target was presented for 60 msec. In the visual localization task, the visual saccade 
target was presented until saccade detection.
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tion) and probe location (eight locations; shown in Figure 1). When 
Mauchly’s test was significant and sphericity could not be assumed, 
we used Greenhouse–Geisser adjustments to the degrees of free-
dom (although, uncorrected dfs are reported in the Results section). 
The amount of saccadic adaptation in percentage was calculated 
as [(pretest saccade amplitude  posttest saccade amplitude)/ 
pretest saccade amplitude]. Full saccadic adaptation would be 25% 
[(20  15)/20]. A logistic psychometric function for the perceptual 
report (probe occurred left vs. right) was fitted for each participant’s 
data for the pre- and postadaptation phases. We defined the percep-
tual null location (PNL, that location at which a participant judged 
the probe location to be identical to the saccade target location) to 
be the point of this curve at which the probability of both a “right” 
and a “left” response was 50%. PNLs for each phase were compared 
with a Student t test for dependent measures.

RESULTS

Visual Localization
Saccade characteristics. Average saccade latency 

was 157 13 msec (average SEM ). There was a small 
difference between pre- and postadaptation phases, prob-
ably due to practice [171 12 msec and 143 11 msec, 
respectively; F(1,5)  21.7, p .007]. As we expected, 
there was no influence of probe location, because probes 
appeared after saccade landing [F(7,35)  1.5, p .25], 
and there was no interaction between the two factors 
[F(7,35)  2.3, p  .11].

Average saccade amplitude reduced from 17.2º 0.6º 
to 14.9º 0.4º between pre- and postadaptation phases 
[F(1,5)  56.0, p .001], with no effect of probe lo-
cation [F(7,35)  2.0, p .17] and no interaction 
[F(7,35)  1.3, p .30]. Average saccadic adaptation 
was 13% 4% (range: 6%–17%). The target back-step 
was 5º (from 20º to 15º), and the difference between pre-
adaptation and postadaptation amplitudes was 2.3º 0.3º, 
which corresponds to a 46% 6% compensation of the 5º 
back-step. Figure 2 presents the time course of adaptation 
in a typical participant, and Figure 3 presents the ampli-
tude change between pre- and postadaptation phases for 
all participants.

Visual probe localization. The average PNL cor-
responds to the location at which the visual probe was 
perceived to be equal to that of the visual saccade target. 
Before adaptation, average PNL was 0.35º 0.42º (dis-
tance measured from the location of the saccade target), 
which corresponds to veridical localization (not signifi-
cantly different from 0, t 1). After adaptation, average 
PNL decreased to 2.1º 0.7º [t(5)  3.62, p  .01]; 
see Figure 4A. After saccadic adaptation, the psycho-
metric function shifted leftward, indicating that probes 
presented to the left of the target location were perceived 
at the same location, whereas probes presented at the 
same location as the target were judged to be to the right 
(Figure 4B).

The size of the perceptual shift was comparable to the 
amount of adaptation (change of 2.2º 0.5º vs. change 
of 2.3º 0.3º), but there was no correlation between the 
amount of adaptation and the perceptual report (i.e., 

PNL; Pearson’s r  .22, p .6); see Figure 5A. We 
examined whether trial-by-trial variations in eye position 
not due to saccadic adaptation contributed to localization 

Eyelink was calibrated. Just before each trial, central fixation was 
checked and compared with the calibration. If the distance between 
the fixation check and the calibration was greater than 1º, fixation 
was refused and a full calibration was initiated. Eye-movement 
traces were later analyzed offline. Instantaneous velocity and ac-
celeration were computed for each data sample and were compared 
with a threshold (30º/sec and 8,000º/sec2). Saccade onset was de-
fined as two consecutive above-threshold samples for both criteria. 
Saccade offset was defined as the beginning of the next 20-msec 
period of below-threshold samples.

Procedure
We ran two experimental sessions: one with an auditory localiza-

tion task and one with a visual localization task. Each session was 
divided into three successive phases. In the preadaptation phase, we 
recorded normal saccades to auditory (or visual) targets, and partici-
pants judged the location of auditory (or visual) probes. Then sac-
cades were adapted visually: Participants had to saccade to a visual 
target that stepped back in the direction of fixation during saccade 
execution. In the postadaptation phase, we again recorded saccades 
to auditory (or visual) targets, and participants judged the location 
of auditory (or visual) probes.

Visual localization task. Participants (n  6) fixated a black 
fixation dot located 12º to the left of screen center and pressed on 
a button when they were ready. The buttonpress initiated a fixation 
check. If fixation was comparable to the calibration values, the dot 
turned gray. After a random fixation duration of 400–800 msec, a vi-
sual target (1º-diameter gray dot) located 20º to the right of fixation 
was presented simultaneous to fixation dot offset. Participants were 
instructed to make a saccade to the target as accurately as possible 
and to maintain fixation on the new position. The target disappeared 
upon saccade detection; 250 msec later, a visual probe appeared 
(also a 1º-diameter gray dot), chosen randomly from one of eight 
locations (Figure 1). By pressing one of two buttons at their right 
hand, participants indicated whether the probe was to the left or right 
of the saccade target (two-alternative forced choice paradigm). Each 
experimental session was composed of 160 preadaptation visual lo-
calization trials (20 per probe location), followed by 140 saccadic 
adaptation trials. The postadaptation trials were either visual probe 
trials (n  160) or saccadic adaptation trials (n  40), during which 
a visual target was stepped back during the saccade (see below). 
Saccadic adaptation trials were included to maintain adaptation 
throughout the postadaptation phase.

Auditory localization task. The procedure was similar to the 
visual localization task, except that auditory stimuli were used as 
targets and probes. Participants (n  18) fixated the fixation dot. If 
the fixation check was satisfactory, after a random fixation duration 
of 400–800 msec, a sound source located 20º to the right of fixation 
was presented for 60 msec, simultaneous to fixation dot offset. Two 
hundred fifty msec after the saccade landed, the sound source (the 
probe) reappeared for 60 msec, located randomly at one of the eight 
possible locations (Figures 1A–1B). Participants indicated whether 
the probe was to the left or right of the saccade target. Each experi-
mental session was composed of 240 preadaptation auditory local-
ization trials (30 per probe location), 140 saccadic adaptation trials, 
and finally 320 postadaptation trials (240 auditory probe trials and 
80 adaptation trials).

Saccadic adaptation. Amplitude-reducing adaptation was 
evoked classically by stepping the visual saccade target 5º in the 
direction opposite to the saccade during its execution. Participants 
fixated the fixation dot and made a saccade to the 20º visual target as 
soon as it appeared (simultaneously with fixation dot offset). During 
saccade execution, the dot was stepped back by 5º in the direction 
of fixation (Figure 1). No sound sources were used during adapta-
tion trials.

Data Analyses
Average saccade latency and amplitude were analyzed with a two-

way ANOVA, including factors phase (preadaptation vs. postadapta-
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Auditory localization. A prerequisite for examining 
the effect of saccade metrics on auditory localization was 
the successful transfer of visual saccadic adaptation to au-
ditory saccades. Without an amplitude difference between 
the saccades aiming for the auditory target in pre- versus 
postadaptation phases, we could not compare auditory 
localization between the two sessions to test our hypoth-
eses. As shown in Figures 3 and 4, Participants 16, 17, 
and 18 did not show transfer of visual saccadic adapta-
tion to auditory saccades, despite the apparent adaptation 
of visually guided saccades in the adaptation phase (the 

performance. To do so, we analyzed saccade error—the 
distance between saccade endpoint and saccade target. 
We divided trials into 1º bins of saccade error and cal-
culated the percentage of rightward responses (for all 
probes) for each bin. We analyzed pre- and postadapta-
tion phases independently. There was no systematic re-
lationship between saccade error and perceptual report: 
Spearman’s correlation coefficients were nonsignificant 
(all ps .30) for both phases (Figure 5B). These flat 
functions reveal that the perceived location of the visual 
probe did not depend on the actual saccade endpoint.
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Figure 2. Time course of adaptation in 1 participant in the visual localization task. Each 
point represents one saccade in preadaptation (black), adaptation (gray), and postadapta-
tion (gray, adaptation trials; black, probe trials) sessions. The average of the 6 participants 
is given for pretest and posttest sessions with SEM.
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Figure 3. Change in saccade amplitude between pre- and postadaptation phases for each participant, showing average and SEM. To 
represent the shortening of amplitude, the change is plotted as negative. Saccades recorded in the auditory localization task are plot-
ted in gray and correspond to the transfer of visual adaptation to audio-guided saccades. Saccades recorded in the visual localization 
task are in black and correspond to the transfer of visual adaptation to visually guided saccades. Note that only Participants 10–15 
performed both the visual and auditory tasks. Results for Participants 16, 17, and 18 are separated to the right, because they showed 
no transfer of visual adaptation to audio-guided saccades and were not included in the averaged results (see text). Their change of 
amplitude was so small ( 0.10º) as to be difficult to visualize on this scale.
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the change in amplitude between pre- and postadaptation 
phases for all 15 participants. Average saccadic adapta-
tion was 21% 3% (range: 8%–40%), and the difference 
between preadaptation and postadaptation amplitudes was 
3.7º 0.5º, which corresponds to a 74% 11% compensa-
tion of the 5º back-step.

Comparison of Figures 2 and 6 suggests that the scatter 
of auditory saccades is greater than that of visually guided 
saccades. Indeed, within-participant standard deviations 
were, on average, 2.5º and 3.9º for visually guided and au-
ditory saccades, respectively (such a difference has been 
observed before; Frens & van Opstal, 1994, 1995).

Auditory probe localization. The average pretest 
PNL was 0.16º 0.4º, which means that participants’ au-
ditory localization judgments were accurate (not signifi-
cantly different from 0, t 1). The psychometric function 
shifted after saccadic adaptation, and the postadaptation 

average amplitude difference between the first and last 
25 trials of the adaptation phase in these 3 participants 
was 2.6º 0.6º). These participants were removed from 
the average analyses. The following analyses take the 15 
remaining participants into account.

Saccade characteristics. Average saccade latency 
was 191 11 msec. Practice probably led to the differ-
ence between pre- and postadaptation [208 12 msec and 
175 9 msec, respectively; F(1,14)  14.7, p .003], but 
there was no influence of probe location [F(7,98)  1.3, 
p .22] and no interaction (F 1).

Average saccade amplitude to auditory targets was 
17.1º 0.9º in the pretest and reduced to 13.4º 0.7º in the 
posttest [F(1,14)  48.8, p .001]. Probe location and 
the interaction of phase  probe location were not signifi-
cant ( ps .18). Figure 6 presents a typical time course of 
adaptation in an individual participant, and Figure 3 shows 
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Figure 4. (A) Change in perceptual null location (PNL) between pre- and postadaptation phases for each participant, plus average 
and SEM. To represent the shortening of amplitude, the change is plotted as negative. The results for Participants 16, 17, and 18 are 
difficult to visualize on this scale because they were so small. (B) Example psychometric functions from 1 participant in the visual 
localization task in both preadaptation (black) and postadaptation (gray) sessions. (C) Example psychometric functions from 1 par-
ticipant in the auditory localization task.
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cade amplitude between preadaptation and postadapta-
tion phases and whose results were not included in the 
above analyses. Figure 3 confirms the absence of an am-
plitude change: ( 0.1º change in all 3 participants); Fig-
ure 4 shows that they also had no change of PNL in the 
postadaptation (differences between pre- and postadapta-
tion were 0.06, 0.09, and 0.06 for the 3 participants, 
respectively).

We hypothesized that there would be a positive correla-
tion between the PNL shift in the visual localization task 
and the PNL shift in the auditory localization task. The 
absence of a correlation between the amount of adapta-
tion and the perceptual shift suggests that two independent 
mechanisms might be at work—one responsible for sac-
cade amplitude adaptation and the other responsible for 
perceptual shifts. However, it is also likely that the two 
mechanisms are outputs of a common source, but that this 
is masked by uncorrelated noise (as suggested by the ab-
sence of adaptation, accompanied by an absence of PNL 
shift in 3 participants). We compared the PNL shifts in 
each task for the 6 participants who performed both the 
visual and the auditory tasks. Figure 8 shows that the cor-
relation was high and significant (Pearson’s r  .78, one-
tailed p .035).

PNL was significantly smaller than that of the preadap-
tation phase [ 0.92º 0.6º; t(14)  2.26, p .02]; see 
Figures 4A and 4C. On the single-participant level, 12 of 
15 participants showed this effect numerically. This shift 
reveals that, after saccadic adaptation, probes presented 
to the left of the target location were perceived as occupy-
ing the same location, whereas probes presented at the 
same location as the target were perceived as located to 
the right.

The size of the perceptual shift was smaller than the 
amount of adaptation (change of 1.08º 0.48º vs. change 
of 3.7º 0.5º). The amount of adaptation was uncorrelated 
with the size of the perceptual shift (Pearson’s r  .10, 
p .7); see Figure 7A. As for the visual localization task, 
by comparing saccade error and perceptual report, we also 
examined whether trial-by-trial variations in eye position 
contributed to localization performance. There was no 
systematic relationship between saccade error and per-
ceptual report, with nonsignificant (all ps .20) Spear-
man’s coefficients for both phases (Figure 7B). These flat 
functions reveal that the perceived location of the auditory 
probe did not depend on the actual saccade endpoint.

Figures 3 and 4 show the results for Participants 16, 17, 
and 18, who did not show a difference in auditory sac-
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tory localization task and the amount of adaptation. (B) Rightward responses for all probes 
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remapping process and also with actual saccade ampli-
tude. Thus, we hypothesized that perceptual responses 
might depend on the actual saccade endpoint, which 
could introduce artificial discrepancies between the re-
mapped target coordinates and the actual probe coordi-
nates. If this were the case, we would have expected, for 
example, slightly more rightward responses for probes at 
the same location as the presaccadic target when the sac-
cade landed to the left of the target location. We did not 
observe such a dependence of perceptual report on actual 
saccade endpoint: Small, normal variations in saccade 
endpoint were discounted by perception, suggesting that 
the perceptual system ignores habitual saccadic variabil-
ity (Collins et al., 2009). In contrast, saccadic adaptation 
shifted the perceived location of visual objects: When 
the postsaccadic probe and presaccadic target were at the 
same location, the probe was nevertheless often judged to 
be to the right of the presaccadic target, whereas probes 
actually located to the left were often judged to be at the 
same location as the presaccadic target. This effect of sac-
cadic adaptation on visual localization suggests that the 
remapped postsaccadic target coordinates are based on an 
adapted saccade vector (Doré-Mazars, Vergilino-Perez, 
Collins, Bohacova, & Beauvillain, 2006), corresponding 
to a modified localization of the presaccadic target (Awa-
ter, Burr, Lappe, Morrone, & Goldberg, 2005; Bruno & 
Morrone, 2007; Collins et al., 2007).

Because each eye movement changes the retinal 
location of visual objects, and because visual perception 
is suppressed during saccades, much research has been 
devoted to transsaccadic visual perception (see Melcher 
& Colby, 2008, for a review). In the present study, we 
examined whether intervening eye movements influenced 
auditory localization. Acoustic stimuli are encoded in 
a head-centered reference frame based on cues at the 
ears—interaural intensity differences, timing differences, 
and spectral cues (Blauert, 1997). Eye movements do not 
change head-centered representations, so such movements 
could theoretically be ignored by the auditory system. 
There is evidence, however, that auditory stimuli are 
encoded in an eye-centered reference frame at multiple 
cortical levels (Groh, Trause, Underhill, Clark, & Inati, 
2001; Jay & Sparks, 1984, 1987a; Russo & Bruce, 1994; 
Stricanne et al., 1996; Werner-Reiss, Kelly, Trause, 
Underhill, & Groh, 2003) or in a hybrid head- and eye-
centered reference frame (Mullette-Gillman, Cohen, & 
Groh, 2005, 2009). Thus, according to the remapping 
scheme proposed above, intervening eye movements 
could influence auditory localization.

Our results showed that, as is the case with visual lo-
calization, perceptual reports for auditory localization did 
not covary with the normal-variability actual saccade end-
point. If auditory localization does take saccade metrics 
into account, it discounts normal oculomotor variability. 
These results could also suggest that auditory localization 
is not at all influenced by eye movement metrics. Indeed, 
the probe localization task could be solved by using head-
centered coordinates only: A participant could ignore 
whatever eye movement she makes and simply compare 
the two head-centered coordinates of the targets. We show 

DISCUSSION

The goal of the present study was to examine whether 
saccade metrics influenced auditory localization. Sounds 
are initially encoded in a head-centered reference frame 
but must be transformed into an eye-centered reference 
frame in order for a saccade to be made toward the sound 
source. The transformation from head-centered to eye-
centered coordinates is thought to occur at the level of 
the SC (Jay & Sparks, 1987a, 1987b), and we therefore 
hypothesized that saccadic adaptation, thought to involve 
this or a lower level (Hopp & Fuchs, 2004), may influence 
auditory localization.

We first ran a visual localization task to assess the in-
fluence of eye movements and adaptation on perceived vi-
sual location. This task was included to replicate previous 
work and to enable us to compare our visual and auditory 
tasks directly. Our results show that visual localization 
does not depend on normal oculomotor variability, rep-
licating previous work (Collins et al., 2009). There was 
no correlation between the actual saccade endpoint and 
perceptual reports of visual localization. Small changes 
in object position across saccades tend to go unnoticed 
(Bridgeman et al., 1975) except when the target is absent 
at the saccade landing and reappears a few hundred mil-
liseconds later (Deubel, Bridgeman, & Schneider, 1998). 
Our paradigm included such a gap, and we therefore 
expected, and observed, good localization performance 
in the preadaptation phase. Such good performance sug-
gests that there is a precise spatial map for visual objects. 
The presaccadic target would be encoded on this map and 
remapped after the saccade to its expected postsaccadic 
coordinates (Melcher & Colby, 2008). Such a remapping 
could take the form of a vector subtraction between the 
presaccadic target coordinates and the upcoming saccade 
vector. The postsaccadic probe would then be compared 
with the remapped target coordinates, and a judgment 
about whether the postsaccadic probe was to the left or 
right could be made (Collins et al., 2009; Deubel, 2004). 
However, a certain amount of noise is associated with the 

y = 1.3x + 0.46
r = .78 ( p < .035)

–4 –3 –2 –1

–1

–2

–3

–4

–5

–6

–7

A
u

d
ito

ry Δ
PN

L (d
eg

)

Visual ΔPNL (deg)

Figure 8. Correlation between perceptual null location (PNL) 
in the visual and auditory localization tasks. Each point repre-
sents 1 participant.
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sponse was a motor task, and dissociations of perceptual 
versus action responses have been shown for visual local-
ization (Burr, Morrone, & Ross, 2001). Kopinska and Har-
ris (2003) examined auditory localization with a perceptual 
task and showed that there was no effect of intervening eye 
movements on auditory localization. However, the sounds 
in their study were presented intracranially through head-
phones. As noted by Pavani, Husain, and Driver (2008), 
an influence of eye movements on auditory localization 
might be expected for free-field auditory stimuli, because 
realignment of auditory and visual maps after interven-
ing eye movements is probably more relevant for keeping 
the multisensory integrity of real objects occurring in the 
outside world than for matching artificial sounds heard 
intracranially to visual targets (Pavani et al., 2008; Pavani, 
Husain, Làdavas, & Driver, 2004). Pavani et al. (2008) 
used a perceptual task with free-field auditory stimuli, 
in which participants reported whether the location of an 
acoustic stimulus presented after an eye movement was 
different from that of an acoustic stimulus presented before 
the eye movement. Sensitivity for the location discrimina-
tion selectively dropped when the second sound shifted in 
the direction opposite to the intervening eye movement, 
suggesting that the first sound was represented (and up-
dated) in eye-centered coordinates. Our study differs from 
theirs in that we required participants to perform only one 
15º–20º saccade, whereas in the Pavani et al. (2008) study, 
participants had to change fixation location between two 
peripheral locations 50º apart, which was often done with 
more than one saccade. We were therefore able to examine 
the influence of saccade metrics rather than just saccade 
occurrence.

What could the physiological underpinnings of the ef-
fect of saccadic adaptation on auditory localization be? 
There is evidence that auditory stimuli are encoded in 
an eye-centered reference frame at several cortical and 
subcortical structures. However, for several reasons, the 
SC is a probable candidate as the mediator of these ad-
aptation effects. Modified neuronal activity after adapta-
tion has been reported in the SC of macaque monkeys 
(Takeichi, Kaneko, & Fuchs, 2007). The involvement of 
the SC in adaptation is also supported by behavioral data 
investigating the characteristics of the transfer of adap-
tation from a given saccade to other saccades (Hopp & 
Fuchs, 2002; see Hopp & Fuchs, 2004, for a review). 
These findings support the idea that the SC might be the 
site of adaptation or that adaptation is present in colli-
cular inputs. Furthermore, observations that lesions of 
the cerebellar thalamus impair adaptation in humans 
(Gaymard, Rivaud-Péchoux, Yelnik, Pidoux, & Ploner, 
2001) and observations of specific adaptation deficits 
in Parkinson’s patients (MacAskill, Anderson, & Jones, 
2002) corroborate this hypothesis. Finally, remapping 
of sensory targets across saccades requires information 
about the metrics of the upcoming saccade. Signals car-
rying such information, called efference copy signals, or 
corollary discharge signals, have been identified in the 
SC (Sommer & Wurtz, 2008). Given these convergent 
findings, current models of saccadic adaptation place its 
site at the level of the SC.

that this is not the case, because the shift of localization 
in the direction of the adapted saccade metrics suggests 
that eye movement signals are used for auditory localiza-
tion even in the absence of head movements. We measured 
auditory localization before and after saccadic adaptation 
obtained with visually guided saccades transferred to sac-
cades of similar amplitude aiming for an auditory target. 
Such cross-modal transfer of adaptation has been reported 
before (Frens & van Opstal, 1994, 1995). The new finding 
in the present study is that this change of the motor plan of 
saccades to auditory targets also influences the perceptual 
localization. Localization was veridical before adaptation, 
but shifted after adaptation, in such a way that auditory 
probes presented at the same location as the presaccadic 
target were often perceived to be located farther away than 
the presaccadic target, whereas probes presented closer to 
the original fixation position than the presaccadic target 
were often perceived to occupy the same position.

Three of our participants, despite apparent adaptation 
of visually guided saccades, did not show a transfer of ad-
aptation to audio-guided saccades. They also did not show 
a perceptual effect, and probe localization judgments were 
similar before and after adaptation. Although these are 
null results, they nevertheless strengthen our proposal that 
the shift in auditory PNL was tied to the modification of 
saccade metrics.

Our results are compatible with several reports of static 
eye position influences on responses to auditory stimuli 
(Lackner, 1973; Lewald, 1997, 1998; Lewald & Ehren-
stein, 1996a, 1996b; Weerts & Thirlow, 1971). These stud-
ies showed small but consistent shifts of perceived sound 
location in the direction opposite to that of orbital eye de-
viation (i.e., deviation of the eyeball within the orbit to one 
position or another) in the order of 2º of azimuth. In other 
words, when the eyes fixated a position in the left visual 
field, sounds were localized as more to the right than they 
actually were. However, the effect of eye deviation could 
be the result of the modification of the reference point re-
quired for the judgment by the eccentric eye fixation (e.g., 
the subjective midline; see Lewald & Ehrenstein, 2000). 
Our results also show an effect of eye movements on au-
ditory localization in the direction opposite to that of the 
eye movement: Adapted rightward saccades were accom-
panied by a leftward shift in perceived auditory location. 
This might suggest that the mechanisms for judging audi-
tory location during static fixation and across eye move-
ments are functionally related; however, we did not directly 
compare static eye position with transsaccadic auditory 
localization and so cannot draw any conclusions about this 
point. Goossens and Van Opstal (1999) and Vliegen, Van 
Grootel, and Van Opstal (2004) also examined the influ-
ence of intervening eye movements on auditory localiza-
tion. Their participants performed a combined eye–head 
movement to an auditory stimulus following an eye–head 
movement to a visual stimulus. Localization was indexed 
by the accuracy of the eye–head movement to the audi-
tory stimulus. The motor response was accurate, and the 
intervening eye–head movement was compensated for, 
suggesting that sound localization was stably represented 
across eye–head movements. Note, however, that the re-
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Although the shift in visual localization was compa-
rable to that of the adaptive saccade amplitude reduction, 
the size of the shift in auditory localization was smaller 
than that of the motor change. This difference may stem 
from the fact that auditory localization relies on several 
mechanisms, including contributions from areas coding 
auditory targets in eye-centered coordinates, as well as 
from structures using head-centered coordinates whose 
function would not be affected by saccadic adaptation. 
The shift of auditory localization following saccadic ad-
aptation is reminiscent of the ventriloquism aftereffect, an 
enduring shift of the perceived spatial location of audi-
tory stimuli after exposure to spatially disparate but si-
multaneous acoustic and visual stimuli (Lewald, 2002; 
Recanzone, 1998). The ventriloquism aftereffect is a kind 
of cross-modal spatial adaptation, and, similar to the re-
sults in the present study, the perceptual effect is smaller 
than the adapting disparity.

In summary, we showed that visual localization does not 
vary with trial-by-trial variability in saccade endpoint, sug-
gesting that visual perception discounts normal oculomo-
tor noise. Visual target locations are remapped across sac-
cades in a manner allowing for oculomotor noise. Saccadic 
adaptation disrupts this remapping and introduces system-
atic biases into visual localization behavior. Transsaccadic 
auditory localization shows similar effects. Trial-by-trial 
oculomotor variability did not influence perceived audi-
tory location, but systematic biases in localization behavior 
were observed after saccadic adaptation. We propose that 
auditory stimuli, like visual stimuli, are remapped across 
saccades and that this remapped eye-centered representa-
tion contributes to normal auditory localization.
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