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also be regarded as primitive because of their presence in Psarolepis.
If Psarolepis turns out to be a basal osteichthyan, the presence of an
intracranial joint and cosmine can no longer serve as deÆning
characters (synapomorphs) for sarcopterygians16±18.
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Methods

Phylogenetic analysis. We added Psarolepis and three non-osteichthyan

taxa (Acanthodes, an acanthodian, Ctenacanthus, a chondrichthyan, and
Dicksonosteus, a placoderm) to the 33 taxa in ref. 14. We also added 9 characters
to the 140 characters in ref. 14 to reØect the variations found in Psarolepis and
the three non-osteichthyan outgroups (character 141, large dermal plates; 142,
paired pectoral spines; 143, median Æn spines; 144, denticulate postbranchial
lamina of the cleithrum; 145, wide suborbital ledge; 146, eye stalk or unÆnished
area for similar structure; 147, ventral and otico-occipital Æssures; 148,
basipterygoid articulation; 149, endochondral bone; 0 absent; 1 present). We
adopted the same algorithm options as those used in refs 4, 14 (all characters
unordered and unweighted) and used the three non-osteichthyan outgroups to
root the trees. See Supplementary Information for the expanded matrix and for
characters supporting major nodes in Fig. 4a, b. See ref. 14 for the original 140
characters and character states; see ref. 4 for the changed codings for characters
10, 17, 78 and 108.
Sarcopterygii, Dipnoi, Porolepiformes, Actinistia, Onychodontida and
Tetropodomorpha (including Rhizondontida, `Osteolepiformes', Elpistostegalia and Tetrapoda) remain well supported in both trees. However, Psarolepis has
changed the distribution and signiÆcance of many characters used previously to
deÆne osteichthyan groups (see Supplementary Information). In Fig. 4a,
Sarcopterygii is deÆned by ten synapomorphies instead of fourteen as in ref. 14.
Osteichthyes has no synapomorphy and is supported only by homoplasies.
Actinopterygii is deÆned by one synapomorphy (character 6) and
three reversals (characters 52, 93 and 110). In Fig. 4b, Sarcopterygii is deÆned
by four synapomorphies, and `Actinopterygii' appears as a paraphyletic
group. One synapomorphy (character 7) deÆnes the clade Minimia á
ÖHowqualepis á MoythomasiaÜ and Æve synapomorphies (characters 46, 63,
69, 98 and 134) deÆne the clade Polypterus á ÖPsarolepis á SarcopterygiiÜ. The
position of Polypterus calls for further study, and the impact of data sampling
and character coding on osteichthyan phylogeny deserves more attention.
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After adaptation of the visual system to motion of a pattern in a
particular direction, a static pattern appears to move in the
opposite direction–the motion aftereffect (MAE)1,2. It is thought
that the MAE is not accompanied by a shift in perceived spatial
position of the pattern being viewed3,4, providing psychophysical
evidence for a dissociation of the neural processing of motion and
position that complements anatomical and physiological evidence
of functional specialization in primate and human visual
cortex5±7. However, here we measure the perceived orientation
of a static windmill pattern after adaptation to rotary motion and
Ænd a gradual shift in orientation in the direction of the illusory
rotation, though at a rate much lower than the apparent rotation
speed. The orientation shift, which started to decline within a few
seconds, could persist longer than the MAE, and disappeared
when the MAE was nulled by physical motion of the windmill
pattern. Our results indicate that the representation of the position of spatial pattern is dynamically updated by neurons involved
in the analysis of motion.
In the Ærst experiment (see Methods), we investigated whether
the MAE is accompanied by corresponding changes in apparent
spatial position, and, if so, in what way the position shift changes
over time. The results (Fig. 1) showed that after adaptation to a
rotating windmill, a test windmill appeared to have rotated in the
direction of the MAE. Using vernier tasks, T. Takeuchi (personal
communication) and Snowden8 have found shifts in position after
motion adaptation. However, we also found that the shift in
perceived orientation, which presumably resulted from local
changes in apparent position, gradually increased over the Ærst
few seconds. An incremental change began at the test onset rather
than at the adaptation offset, a Ænding reminiscent of the storage
effect of the MAE9. Over the Ærst two seconds, the orientation shift
increased almost linearly; thus, for this interval, we can directly
compare the rate of orientation change with the MAE speed. The
gain, that is, the slope of the functions in Fig. 1 (0.40 and 0.65
degrees s-1 for subjects SN and AJ, respectively) divided by the MAE
speed measured separately (5.05 and 8.00 degrees s-1, respectively),
was ,8%. These results show that the shift in orientation is not
simply an alternative measure of the MAE and are consistent with
the classical view that the perception of motion and that of position
change are dissociated3. We rejected the idea that the magnitude of
the orientation shift might be proportional to MAE strength,
because we found that MAE speed did not increase as a function
of time over the same interval (data not shown).
The shift in orientation started to decline a few seconds after the
test onset. We measured the shift for a stationary test at repeated
intervals for up to 2 min, and compared the decay function with that
of the MAE (Fig. 2a) (experiment 2; see Methods). For two subjects
the orientation shift decayed more slowly and persisted for longer
than the MAE. SigniÆcant amounts of orientation shift remained
even after the MAE Ænished. However, for another naı»ve subject, the
decay functions of the orientation shift and the MAE were quite
similar.
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reversals, properties arising from temporal integration should be
selectively disrupted whereas direct effects of motion signals on
spatial position should remain unchanged. As expected, we found
that the orientation shift now declined in step with the MAE for all
subjects (Fig. 2b). The phase reversal had no effect for the naı»ve
subject whose position shift decayed rapidly in the initial experiment, which suggests that this subject occasionally refreshed his
representation without any change in the test stimulus, perhaps by
eye movements or attentional control.
Several studies10±12 have shown that moving stimuli appear to be
spatially displaced in the direction of motion, but the underlying
mechanism of this phenomenon remains controversial13±15. We
measured relative mean orientation for brieØy presented pairs of
test stimuli that rotated in opposite directions at a range of velocities
(experiment 3; see Methods) Perceived orientation was shifted in
the direction of rotation by an amount that was roughly proportional to the velocity (Fig. 3). After adaptation, orientation judgements were biased in the direction opposite to that of the adapting
stimulus, as before. However, when the test rotation speed was such
that it nulled the MAE, the spatial shift disappeared. Thus a moving
pattern does not appear to be spatially displaced if it appears static,
which suggests a common source for mislocalization effects induced
by physical motion and motion adaptation.
The fact that spatial shifts do occur for physically static but
apparently moving test patterns seems to be incompatible with an
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We attribute the orientation shift to an adjustment in the
representation of the position of spatial pattern by motion information. Although the adjustment is driven by the motion system, it
does not occur through direct linkage to the motion system, because
the shift increases at Ærst whereas the MAE always declines, and the
shift can last longer than the MAE. We explain this dissociation by
suggesting that the motion system induces incremental orientation
shifts that are integrated over time within the system that represents
spatial pattern, although motion signals can induce a position shift
without temporal integration, as the test windmill appeared to be
rotated even at test onset. The shift at test onset may be identiÆed
with direct effects of motion signals on spatial position. The small
slope of the initial increase as well as the subsequent gradual decay
can be attributed to the effects of pattern input, which acts to restore
the veridical correspondence between the spatial representation and
its spatial input. This interpretation implies that the representation
of spatial pattern involves a dynamic system with a Ænite memory
that integrates information over time, rather than being simply a
reØection of the current spatial input at the eye.
This argument led us to expect that an established spatial
representation may be reset in the face of a radical change of the
spatial input (for example, presentation of a new stimulus). To test
this we repeated experiment 2 (see Methods), this time reversing the
phase of the test windmill in the intervals between orientation
judgements. If the spatial representation is refreshed at phase

a comparison windmill (right) on the opposite side of Æxation (centre) were

Figure 2 Experiment 2. Comparison of the decay function of the orientation shift

presented. The test windmill appeared to have rotated in the direction of the MAE,

to that of the MAE when the same test stimulus was continuously presented

and the magnitude of the shift gradually increased over time. Bottom, the A±T

and when the phase of the test was reversed during interjudgement intervals. a,

interval (time between adaptation offset and test onset, and the T±C interval (time

Continuous presentation of test symbols; b, reversal of the test phase during

between test onset and onset of the comparison stimulus). b, Results for subjects

interjudgement intervals. The results show that the orientation shift (circles)

SN and AJ. The ordinate shows the amount of rotation in the direction opposite to

could persist longer than the MAE (squares) in the former condition (a), but

the MAE required to make the test stimulus appear parallel to the comparison

not in the latter (b). Each point is based on at least eight measurements (error bar:

stimulus. The abscissa shows the T±C interval. The symbols indicate variation in

61 s.e.m.). The smooth curve is the best Ætting exponential function,

the A±T interval. Each point is based on eight measurements (error bar:

M à Mmax expÖ 2 t=tÜ. The time constant (t) of each function is shown; the Ærst

61 s.e.m.). Similar results were obtained with another naı» ve subject (PS).

number refers to the orientation shift and the second to the MAE.
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Figure 3 Experiment 3. a, The experimental procedure. After adaptation to
windmills presented on both sides of Æxation, two test windmills, rotating at a
given speed, were presented within a 200-ms gaussian window. b, the orientation
shift of the physically rotating windmill as a function of the rotation speed before
(squares) and after (circles) motion adaptation is plotted alongside a psychometric function showing judgements of direction measured after adaptation
(diamonds). Without adaptation, the average test orientation appeared to be
shifted in the direction of real movement (downwards for positive test speeds).
After adaptation, perceived orientation was shifted in the aftereffect direction
(upward), and the absolute orientation shift almost disappeared when the MAE
was nulled by real motion (that is, the test appeared stationary). Each point is
based on at least eight measurements. Similar results were obtained with subject
PS.

explanation of the mislocalization effect in terms of a possible
difference in peripheral-processing time delay between moving and
static stimuli13,14. Another explanation for mislocalization, that
motion sensors may systematically misreport their position towards
the sensor's preferred direction15, incorrectly predicts that the
magnitude of mislocalization should always vary with the activation
of the motion sensors (MAE magnitude), whereas we found several
examples of dissociation of the magnitude of mislocalization and
the MAE magnitude. Finally, motion and position may interact at
various levels in the visual system16,17. Given that the most precise
representation of local spatial information exists in early cortical
areas, an intriguing possibility is that our Ændings may reØect
recurrent input from cortical areas V5/MT to V1 (ref. 18) or V2
(ref. 19).
M
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Methods

Stimuli were presented on a Manitron monitor (P31 phosphor, 60 Hz refresh)
under control of an IBM compatible PC with a VSG2/3 board. Viewing was
binocular from 93 cm. Windmills subtended 48 in diameter with a 40-min hole
at the centre and were presented 48 left or right of a Æxation bullseye. Each
windmill had a sinusoidal luminance modulation of 2 cycles per rotation at
80% contrast on a 6.5 cd m-2 background.
-1
Experiment 1. After a 3-min adaptation to a windmill moving at 3 rotations s
(6 Hz), a static test windmill was presented for 2.2 s at the same location, and a
comparison windmill was presented for 0.2 s on the opposite side of the
Æxation, both with sharp onset and offset. Subsequent test presentations were
always preceded by an 8-s re-adaptation period. Subjects judged whether the
dark region of the test windmill was rotated in the clockwise or anti-clockwise
direction relative to a comparison windmill in which the dark region was always
vertical. The use of a relative judgement allowed us to discount any inØuence of
eye movements. The shift was estimated using a standard staircase program
that adjusted the test orientation until at least four reversals of direction had
612

occurred. The time of onset of the comparison stimulus (T±C interval) and the
time between offset of the adaptation and onset of the test (A±T interval) was
varied between trials. To equate the state of adaptation, the staircase sequences,
for each stimulus condition, were intermingled within a single block, with each
staircase waiting at the nth reversal point until all the other staircases reached
that point. The adaptation direction and position were changed between
blocks.
Experiment 2. In the Ærst experiment 2, the temporal decay of the magnitude
of the position shift was measured by the method of adjustment. The test
stimulus was presented for 2 min after 1 min of adaptation to a rotating
windmill and a 1-s blank interval. During the test presentation, a comparison
windmill was presented on the opposite side of Æxation for 4 s every 10 s. The
subject had to adjust the orientation of the comparison to match it with the test.
The perceived orientation was estimated from the settings during the last 1 s of
every 4-s matching period. The test orientation as well as the initial comparison
orientation for each matching period were randomly jittered within 62.58 of
the vertical. There was at least a 1-min interval between blocks. The direction
and position of the adaptation stimulus were changed between blocks. To halve
the sampling interval, the Ærst matching period started at the onset of the test in
half of the blocks, and 5 s later in the other half. When repeating experiment 2,
we used the same procedure as before, except that, although the test stimulus
was always vertical (with a small jitter) during the matching period, its
orientation switched to the horizontal 0.5 s after a match was recorded, and
then returned to the vertical 0.5 s before the next matching period. The Ærst
matching period always started at test onset.
Experiment 3. After adaptation to windmills presented on both sides of
Æxation, two test windmills, rotating at a given speed, were presented within a
200-ms gaussian temporal window (s:d: à 35:4 ms, peaking at 1.5 s after the
adaptation offset). The two windmills were always mirror-image symmetric
with respect to a virtual central vertical line. Subjects compared the average
orientation of the two test stimuli. We used a staircase method to estimate the
perceptually parallel angle, adjusting orientation according to the subject's
response. To Ænd the motion null point, we also asked the subject to judge the
direction of perceived motion. If, on occasion, the test stimulus appeared to
move Ærst in the MAE direction and then in the other direction, subjects were
instructed to choose the dominant direction. In each block, staircases for each
test velocity were intermingled. A similar procedure was used for the noadaptation condition, except that a uniform Æeld was presented for 3 s between
trials and the judgement of rotation direction was not required.
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