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In a well-known study, McCollough (1965) described
a color aftereffect that is contingent on pattern orientation.
For example, after the viewing of a vertical grating of
green and black bars alternated in time with a horizontal
grating of red and black bars, a vertical achromatic grat-
ing appears reddish while a horizontal achromatic grating
appears greenish. The colors perceived in the test grat-
ings are thus specific to the orientation of the inducing
gratings and are complementary to the inducing grat-
ings’ colors. The contingent adaptation between form and
color revealed by the McCollough effect (ME) generated
wide interest, and the effect continues to be extensively
studied. However, the processes underlying the aftereffect
are still uncertain. For example, it is unclear to what extent
the aftereffect reflects an example of general perceptual
adjustments versus adjustments that may be specialized
for encoding specific stimuli, and whether these adjust-
ments are more closely related to sensory adaptation or
learning (Barlow, 1990; Dodwell & Humphrey, 1990; Har-
ris, 1980; Siegel & Allan, 1992; Stromeyer, 1978).

Most models of the ME have emphasized the pairings
between orientation and color in the stimuli. Here, we focus
instead on the pairings between luminance contrast and
color. Several previous studies have found that conven-
tional MEs are not generated when the inducing gratings
are equiluminant (e.g., when the inducing gratings are
composed of red and gray or green and gray stripes that
have the same luminance, and the test gratings are com-
posed of bright and dark stripes that are both achromatic;

Allan, Siegel, Kulatunga-Moruzi, Eissenberg, & Chapman,
1997; Ellis, 1977; Mikaelian, 1980; Stromeyer & Daw-
son, 1978). Such results demonstrate that luminance con-
trast is an important stimulus component for generating
the aftereffect (when measured in achromatic test grat-
ings). The absence of the aftereffect at equiluminance
has been treated as an anomaly of spatial processing
within the chromatic pathways (Savoy, 1987) or as a form
of selective associability (Allan et al., 1997). However,
Webster (1996) suggested that this result is consistent
with the changes in color appearance induced by color
contrast adaptation. In studies of contrast adaptation, ob-
servers are adapted to a uniform field that slowly flickers
between two colors or luminances over time or to a pat-
tern, such as a grating, that varies in color or luminance
over space (Webster, 1996). Adapting to a stimulus that
varies in time or space along any single color–luminance
axis reduces perceived contrast along that axis (Webster
& Mollon, 1991, 1994). This selective sensitivity loss
causes all other color–luminance axes to appear biased in
direction away from the adapting color axis. For example,
Figure 1 shows the changes in perceived color and bright-
ness of test stimuli following adaptation to a uniform
field that flickered between bright red and dark green or
between bright green and dark red. In this figure, the hor-
izontal axis represents the reddish–greenish variations
(L–M chromatic contrast) in the test, whereas the vertical
axis represents variations in brightness (luminance con-
trast). The data plotted are from the study of Webster and
Mollon (1994). Adapting to the bright-red/dark-green
axis causes pure achromatic increments (“bright grays”)
to appear greenish and pure achromatic decrements
(“dark grays”) to appear reddish (unfilled triangles). Con-
currently, the bright-red/dark-green adaptation causes
equiluminant reds to appear darker and equiluminant
greens to appear brighter. Opposite aftereffects are in-
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The McCollough effect is an orientation-specific color aftereffect induced by adapting to colored
gratings. We examined how the McCollough effect depends on the relationships between color and lu-
minance within the inducing and test gratings and compared the aftereffects to the color changes pre-
dicted from selective adaptation to different color–luminance combinations. Our results suggest that
the important contingency underlying the McCollough effect is between orientation and color–
luminance direction and are consistent with sensitivity changes within mechanisms tuned to specific
color–luminance directions. Aftereffects are similar in magnitude for adapting color pairs that differ
only in S cone excitation or L and M cone excitation, and they have a similar dependence on spatial fre-
quency. In particular, orientation-specific aftereffects are induced for S cone colors even when the grat-
ing frequencies are above the S cone resolution limit. Thus, the McCollough effect persists even when
different cone classes encode the orientation and color of the gratings.
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duced when observers adapt instead to the opposite pair-
ing (bright green/dark red) of color and luminance (filled
triangles). In all of these cases, the observed color and
brightness changes reflect shifts away from the adapting
color–luminance axis, consistent with a selective reduc-
tion in sensitivity to the adapting axis (Webster & Mol-
lon, 1991, 1994).

The biases in color appearance induced by contrast
adaptation are analogous to the biases in the perceived ori-
entation of lines in the tilt aftereffect (Gibson & Radner,
1937) and, in fact, reflect “tilts” in the perceived directions
of color space. Thus, adaptation to an oblique line (~bright
red) causes a vertical line (~achromatic) to appear tilted
in the opposite direction (~bright greenish). Similarly, in
the ME, adaptation to the bright-red bars in a “red” grat-
ing may lead to a selective loss in sensitivity to bright red
and thus tilt the appearance of an achromatic test grating
toward bright green (Stromeyer & Dawson, 1978; Web-
ster, 1996). Equiluminant gratings may fail to induce an
aftereffect in achromatic bars because they lie along a
plane within color–luminance space that is orthogonal to
the test grating (just as horizontal lines fail to induce a tilt
aftereffect in vertical lines). However, adaptation to pure
chromatic contrast does produce changes in the appear-

ance of most other color–luminance directions, again by
biasing their appearance away from the adapting color
axis (Webster & Mollon, 1994). And, in fact, MEs have
been demonstrated previously for equiluminant adapting
gratings when the aftereffects are measured with equilu-
minant test gratings rather than with the achromatic grat-
ings used in conventional tests (Flanagan, Cavanagh, &
Crassini, 1989). For example, Flanagan et al. found that
adaptation to equiluminant gratings, in which different
color variations were presented at each orientation, caused
the perceived hue of intermediate color directions to
shift away from the adapting color directions at each ori-
entation.

This account of the ME suggests that the specific pair-
ings between luminance and color are as fundamental to
the aftereffect as the pairings between orientation and color
(Stromeyer & Dawson, 1978; Webster, 1996). That is, the
ME involves mechanisms that can respond selectively to
different orientations, but the observed color changes re-
flect the changes in sensitivity to specific color–luminance
combinations and not simply to the combination of ori-
entation and color per se. In the present study, we explored
how the ME depends on the relationships between color,
luminance, and orientation within the stimuli. Our goal

Figure 1. Changes in perceived color and lightness following adaptation to color–luminance
modulations in a uniform field (from Webster & Mollon, 1994). Test stimuli had contrasts of
6, 12, 24, or 48 units within the luminance versus L–M plane. Adaptation to a bright-red/dark-
green modulation (along the positive diagonal) reduces sensitivity to this axis and biases the
perceived color and lightness of test stimuli toward the orthogonal axis (unfilled circles and tri-
angles). This causes achromatic increments to appear greenish and achromatic decrements to
appear reddish and causes equiluminant reds to appear darker and equiluminant greens to ap-
pear brighter (unfilled triangles). The opposite color and lightness changes are induced by
adaptation to a bright-green/dark-red modulation (filled triangles).
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was to explore to what extent the color changes in the af-
tereffect can be predicted from biases against the color–
luminance directions of the adapting gratings.

METHOD

Apparatus
Stimuli were presented on a computer-controlled color monitor.

For most experiments, the display was a Sony 20SE monitor con-
trolled by a Cambridge Research Systems VSG card. The experi-
ments comparing the frequency dependence of the aftereffects were
instead carried out on a BARCO CD351 controlled by a Sigma
Graphics card. Both systems were calibrated to allow accurate spec-
ification of stimulus color and luminance on the display.

Stimuli
Except where noted, stimuli were horizontal or vertical square-

wave gratings of 3.5 cycles/deg. In most conditions, the adapting
gratings were presented in a 4º square field. The test grating was pre-
sented in a 2º square field, with the second orientation shown in the
surrounding 4.1º field. Viewing distance was 250 cm. The gratings
were surrounded by a 6.4º � 8.5º uniform field of the same mean
luminance (15 cd/m2) and chromaticity (CIE 1931 x,y = 0.31, 0.316;
equivalent to Illuminant C). Luminance contrast in the patterns was
defined by Michelson contrast. The chromatic contrast of the grat-
ings was defined according to a scaled version of the MacLeod–
Boynton (MacLeod & Boynton, 1979) chromaticity diagram and is
related to their r,b coordinates by the following equations:

L–M contrast = (rmb � 0.6568) ∗ 1955

S –(L+M) contrast = (bmb � 0.01825) ∗ 5533.

The L–M contrast corresponds to the opposing signals in the long-
and medium-wavelength-sensitive cones at constant luminance and
varies in color appearance from reddish to bluish green. The
S–(L+M) contrast corresponds to S cone excitation (opposed by a
combination of L and M cone signals) at constant luminance and
varies in color appearance from purple to yellow-green. These axes
were chosen because they appear central to the representation of
color at early postreceptoral levels (Derrington, Krauskopf, &

Lennie, 1984; Mollon, 1989; Webster, 1996) and because they iso-
late cone subsystems with very different spatial properties (see
below). Equiluminance was established for individual observers by
minimum-motion or flicker photometry. The two chromatic axes
were empirically defined by methods we have described previously
(Webster, K. K. De Valois, & Switkes, 1990; Webster & Mollon,
1994) and differed slightly from the nominal axes given in the trans-
formations above. Chromatic contrast and luminance contrast were
combined to form a variety of different adapting gratings, as de-
scribed for specific experiments below. For all gratings, the lumi-
nance and chromatic contrasts were chosen so that the mean lumi-
nance and chromaticity for the pair always equaled the mean of the
test gratings and the background. This ensured that color biases in
the test stimuli were not due to chromatic adaptation to an average
color bias in the adapting stimulus pair. (We assumed that local eye
movements over the course of the adaptation period were sufficient
to adapt observers to the space-averaged color and luminance of the
gratings, which were alternated in orientation but fixed in phase.)

Procedure
Testing procedures were similar to those we have used previously

to assess color contrast adaptation effects for uniform fields (Web-
ster & Mollon, 1994). These procedures involved regular alternation
between test and adapting patterns and short delays between adapt-
ing and testing and thus differed from the testing sequence typical
in many previous studies of the ME. The observers viewed the dis-
play in a dark room. Each run began with a 3-min adaptation period
during which the vertical and horizontal adapting gratings were pre-
sented in alternation at a rate of 1 Hz (a fast rate chosen to minimize
chromatic adaptation to the individual gratings). Following this ini-
tial exposure, the test stimulus was displayed for 5 sec, while the ob-
servers matched the perceived color of the test gratings by adjust-
ing the color of either the central test grating or a uniform 1º
circular comparison field (with the same luminance as the test bars
and shown 3º to either side of the center of the test grating field).
The matching color was varied using a button box that controlled
the hue or saturation of the matching stimulus. The test presentation
was in turn followed by 10 sec of reexposure to the adapting gratings,
in order to maintain a constant adaptation state during the course of
the run. The sequence of testing and readaptation was repeated until

Figure 2. Perceived color changes in achromatic test gratings after adaptation to bidirectional gratings with alternating bright-
red/dark-green bars (unfilled symbols) presented at one orientation and bright-green/dark-red bars (filled symbols) at the second ori-
entation (stimuli shown schematically in the color–luminance spaces to the right). Solid lines/circles plot the aftereffects for vertical
gratings; dashed lines/triangles plot the aftereffects for horizontal gratings. [For reference, L–M values of �20, 0, and 20 correspond
to CIE, 1931 x,y values of (.295,.323), (.31,.316), and (.324,.309) respectively.]
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Figure 3. Perceived color changes in achromatic test gratings after adaptation to unidirectional gratings with alternating red (+L)
and gray (achromatic) bars at one orientation (unfilled circles) and alternating green (�L) and gray (achromatic) bars at the second
orientation (filled circles) (see inserts). Aftereffects are shown after adaptation to bright chromatic/dark achromatic (A), equilumi-
nant chromatic/achromatic (B), or dark chromatic/bright achromatic (C).
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the observers completed the match. Typically, six settings were
made during a single adaptation run, with four to eight runs per ses-
sion. Only a single adapting condition (color–luminance and orienta-
tion combination) was tested during any daily session, with the order
of adapting and test conditions (and the pairing of color–luminance
combination and orientation) counterbalanced across sessions.
Points plotted are the average of four to eight settings per condition.
The subjects included 1 author (M.W.) and 4 undergraduate observers
who participated as paid observers or for course credit. All ob-
servers had normal color vision as assessed by standard color tests
and normal or corrected-to-normal visual acuity.

RESULTS

Bidirectional Color–Luminance Gratings
In the first experiment, we tested for MEs in achro-

matic test gratings after adapting to pairs of gratings that
had the same average color and luminance but differed in
how color and luminance were combined. An ME in the
test gratings would therefore have to be selective for the
specific color–luminance combinations in the adapting
gratings. The adapting bars alternated between bright
red and dark green for one orientation and bright green
and dark red for the second orientation (see Figure 2 in-
serts). The “red–green” difference was defined by a con-
trast of �75 or +75 along the L–M axis, while luminance
contrast was 0.4. The test gratings were achromatic with
a luminance contrast of 0.2 or 0.4. Webster and Mollon
(1993) have shown previously that adaptation to a single
grating that covaries in luminance and color induces a
perceived color change in achromatic gratings and a per-
ceived brightness change in equiluminant test gratings.
Here, we tested whether the perceived hue shifts exhibit
the orientation selectivity characteristic of MEs.

Figure 2 shows measurements of the color biases in-
duced in achromatic test gratings. The observers matched
the apparent color of the bright or dark bars of the test
grating by adjusting the L–M contrast in the comparison
field (which had the same luminance as the test bar). The
results are plotted with test luminance contrast on the y-
axis and matching L–M chromatic contrast on the x-axis
in order to represent the appearance of the patterns within
the L–M versus luminance plane. (For comparison, ref-
erence CIE values for the L–M contrasts are noted in the
legend.) Adaptation to the bright-red/dark-green grat-
ings caused the bright bars of the test grating to appear
greenish and the dark bars of the test grating to appear
reddish. Opposite aftereffects were induced concurrently
by the two different adapting orientations, which com-
bined the same color and luminance components but in
opposite ways. Moreover, the orientation dependence of
the aftereffects reversed when the pairing of color–
luminance direction and orientation was reversed. Thus,
the hue shifts show clear orientation selectivity. (As Fig-
ure 2 shows, for a given color–luminance combination,
the aftereffects were similar in form whether it was pre-
sented as the horizontal or vertical orientation. We have
therefore averaged across orientation in subsequent fig-
ures.) The perceived color changes in both poles of the

test gratings (bright and dark bars) represent rotations of
the achromatic axis away from the direction of the adapt-
ing axis, as expected from a sensitivity loss that is selec-
tive for the specific color–luminance direction of the
adapting axis at each orientation. The pattern of color af-
tereffects observed thus appears similar in form to the
color changes induced by color contrast adaptation in uni-
form fields.

The hue shifts in the ME tend to be larger as the lumi-
nance contrast of the test gratings increases (Stromeyer,
1978). However, this contrast dependence appears dif-
ferent if one instead considers the aftereffect as a bias in
the perceived color–luminance direction of the test stim-
ulus. At higher luminance contrasts, more color would be
required to maintain the same perceived angle, or color–
luminance ratio, in the aftereffect. However, the actual
rotations in the aftereffects may actually grow weaker with
increasing contrast, consistent with the generally weaker
effects in contrast adaptation when the ratio of test to
adapting contrast increases (Blakemore, Muncey, & Ri-
dley, 1973; Georgeson, 1985; Webster, 1996). (We have
not plotted the results in terms of color–luminance angle
because we did not measure the changes in perceived lu-
minance contrast of the test stimuli.)

Unidirectional Color–Luminance Gratings
The preceding results suggest that the orientation-

specific aftereffects typical of MEs depend not on the
pairing between orientation and color but on the pairing
between orientation and color–luminance direction. To
explore the effect of color–luminance direction more
closely, we next examined the aftereffects when the lumi-
nance of a single chromatic component (e.g., red or green)
was varied in the adapting grating. This mimics more
closely the stimuli used in conventional studies of the
ME and was chosen so that we could try to separate the in-
fluence of the different poles of a single color–luminance
axis (e.g., bright red or dark green). The adapting grat-
ings were composed of alternating chromatic and achro-
matic bars, with red (+75 L–M) chromatic bars at one ori-
entation and green (�75 L–M) at the second orientation
(see Figure 3 inserts). The luminance difference between
the chromatic and achromatic bars was varied around a
fixed mean luminance so that the gratings had a luminance
contrast of +0.4 (chromatic bars brighter), �0.4 (chro-
matic bars darker), or 0 (chromatic and achromatic bars
equiluminant). Test gratings were again achromatic, with
a luminance contrast of 0.2 or 0.6.

Figure 3 again shows the L–M contrast matches made
to the bright or dark bars of the test gratings after adap-
tation. The three panels for each of 2 observers (M.W.
and V.R.) show matches for adapting gratings in which
the chromatic bar was brighter, equiluminant with, or
darker than the achromatic bar. There is little aftereffect
when the adapting gratings are equiluminant, confirming
that the induced color change in achromatic test bars re-
quires adaptation to stimuli that combine luminance and
chromatic contrast (Allan et al., 1997; Ellis, 1977; Mi-
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kaelian, 1980; Stromeyer & Dawson, 1978). Alterna-
tively, clear aftereffects were obtained when the chromatic
adapting bars had either positive or negative luminance
contrast. These aftereffects have two conspicuous fea-
tures. First, the induced color shifts are in the same direc-
tion for both component bars of the test grating. That is,
the dark-red adapting bars caused both the bright bars and
the dark bars of the test to appear greenish, confirming
previous studies (Mikaelian, 1980; Stromeyer, 1978).
Thus, the pattern of aftereffects for the unidirectional grat-
ings differ from the color changes for bidirectional grat-
ings, in which opposite aftereffects were induced in the
bright and dark bars of the test grating (Figure 2). Second,
the magnitude of the aftereffects is stronger when the lu-
minance contrast of the adapt and test stimuli have the
same sign. That is, bright colored adapting bars induced
larger effects in the bright bars of the test gratings than in
the dark bars, and vice versa. This was verified with a two-
way analysis of variance (ANOVA; test contrast � adapt
contrast [color brighter vs. color darker], using the ab-
solute value of the contrast matches at each orientation),
which showed a significant interaction for both observers
[Fs(3,88) = 34.8 and 8.0 for M.W. and V.R., respectively;
p � .001]. The results are thus consistent with previous
reports that the ME is selective for the luminance polar-
ity of the gratings (Mikaelian, 1980; Stromeyer, 1978;
Stromeyer & Dawson, 1978). We consider the possible
basis for these polarity-specific color shifts in the Discus-
sion section.

Equiluminant Adapting and Test Gratings
As Figure 3 shows, color aftereffects in the achromatic

test gratings were minimal when the unidirectional adapt-

ing gratings were equiluminant. In the present measure-
ments, we explored the basis for this absence by exam-
ining the pattern of aftereffects when the test gratings were
also equiluminant. In the first case, the adapting gratings
were again equiluminant unidirectional gratings (i.e.,
red–gray [+75 L–M] at one orientation and green–gray
[�75 L–M] at the second orientation). The test gratings
were bidirectional and composed of bars that alternated
between either pole of the S–(L+M) axis or intermediate
axes of 45º–225º (reddish-purple–yellowish-green) or
135º–315º (bluish–yellowish), with a chromatic contrast
of 37.5 or 75 units (see Figure 4 inserts). To facilitate
matching the color of the test bars, we modified the dis-
play so that the adapting and test gratings (composed of
a single orientation) were presented in a 2º field centered
1.25º above a small cross, which the observers fixated
throughout. The perceived hue of the test bars was then
matched by adjusting the (initially random) color angle of
a comparison grating that was spatially identical to the test
grating but presented in a 2º field centered 1.25º below
fixation.

Figure 4 plots the coordinates of the hue matches within
the L–M and S–(L+M) chromatic plane. Adaptation to
the L–M gratings had little effect on the perceived color
of the test stimuli along the S–(L+M) axis, which (like
the achromatic axis defining the test gratings in Figure 3)
is a direction in color–luminance space that is orthogonal
to the L–M chromatic axis and is thus a chromatic direc-
tion that should remain unbiased following L–M adapta-
tion (Webster & Mollon, 1994). On the other hand, the
intermediate color directions are shifted away from the
L–M adapting axis and toward the S–(L+M) axis (though,
for Observer C.P., a systematic shift appears only along

Figure 4. Matches in perceived hue angle of chromatic test gratings after adaptation to unidirectional, equiluminant red–gray grat-
ings at one orientation (filled circles) and green–gray gratings at the second orientation (unfilled circles). Test gratings lay along chro-
matic axes of 45º–225º, 90º–270º, or 135º–315º and had contrasts of 75 or 37.5 units in the L–M versus S–(L+M) plane (see inserts).
The test gratings were composed of only one orientation, were shown above fixation, and were matched by adjusting the color angle
of a comparison grating presented below fixation.
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the 135º–315º axis). These hue shifts suggest that the
adapting gratings did induce a selective loss in sensitivity
to the L–M axis. However, the shifts appear similar for
both adapting colors (and thus were similar for both test
orientations), suggesting that this sensitivity loss was not
orientation selective. To test for orientation selectivity
more directly, we returned to the original stimulus config-
uration (4º adapt and test fields that were centrally fix-

ated, with both orientations present in the test pattern),
and, this time, we measured the aftereffects by adjusting
the color angle of the central test orientation to match the
perceived hue of the surrounding orientation. Thus, in this
case, the color matches should directly reflect the hue
difference between the two test orientations, apart from
any hue shifts that might be common to both orientations.
The resulting matches are plotted in Figure 5 and show

Figure 5. Cross-orientation matches in perceived hue angle of chromatic test gratings after adaptation to unidirectional, equilumi-
nant red–gray gratings at one orientation (filled circles) and green–gray gratings at the second orientation (unfilled circles) (see in-
serts). In this case, matches were made by adjusting the hue angle of the central grating (at one orientation) to match the perceived
hue of the surround grating (at the second orientation). Adaptation produced little change in the hue matches across the two test ori-
entations.

Figure 6. Matches in perceived hue angle of chromatic test gratings after adaptation to bidirectional, equiluminant gratings, with
L–M (0º–180º) gratings at one orientation and S–(L+M) (90º–270º) gratings at the second orientation. Test gratings lay along chro-
matic axes of 45º–225º or 135º–315º and had contrasts of 75, 37.5, or 19 units in the L–M versus S–(L+M) plane (see inserts). Test grat-
ings that had the spatial orientation of the L–M grating had to be rotated toward the L–M axis to match gratings with the spatial ori-
entation of the S–(L+M) axis (filled circles), or vice versa (unfilled circles). This indicates that the perceived hue of the test gratings
was biased away from the hue angle at each adapting orientation. (In this experiment, matches were not set separately for the two chro-
matic poles of the test grating. Points plotted have therefore been reflected across each axis.)
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no consistent rotation in the perceived direction of the
test stimuli. Thus, this confirmed that the color changes
induced in intermediate color angles by the red–gray and
green–gray adapting pair (as revealed in Figure 4) were
not orientation selective (i.e., the color shifts at both ori-
entations were in the same direction).

As a second test of equiluminant MEs, we examined
the aftereffects for bidirectional equiluminant gratings,
using stimuli similar to those reported by Flanagan et al.
(1989). These adapting stimuli differed from the adapt-
ing pair above because now each orientation was defined
by a different, orthogonal color axis rather than by oppo-
site poles of the same axis. The observers adapted to an
L–M grating at one orientation and an S–(L+M) grating
at the second orientation and again adjusted the hue angle
of the central test grating to match the hue angle of the
surround grating. The test gratings were equiluminant
gratings along chromatic axes of 45º–225º or 135º–315º
and had chromatic contrasts of 19, 37.5, or 75 units (see
Figure 6 insert).

Figure 6 shows that, for these bidirectional adapting
gratings, there are now systematic orientation-specific
hue shifts in the test gratings. At each orientation, the in-
termediate test axes rotated in perceived color away from
the color direction of the adapting orientation. Our re-
sults thus replicate the equiluminant color aftereffects
reported by Flanagan et al. (1989). The absence of after-
effects at equiluminance in the conventional ME is there-
fore unlikely to reflect properties of spatial coding at equi-
luminance but instead may reflect properties of color
coding—and, in particular, how the color of unidirectional
gratings is encoded. Specifically, our results suggest that,
at equiluminance, orientation-specific aftereffects occur
when the two orientations are defined by different chro-
matic axes (as in the bidirectional gratings) but not when
the two orientations are defined by different poles of a sin-
gle chromatic axis (as in the unidirectional gratings we
used). The lack of orientation selectivity for the unidirec-
tional gratings suggests that in this case, the two opposite

chromatic poles (at the two orientations) were both in-
ducing the same—bidirectional—color shifts (i.e., both
the red–gray and the green–gray gratings induced color
changes consistent with red–green adaptation). In the Dis-
cussion section, we consider the possible bases for the dif-
ferent effects for unidirectional versus bidirectional chro-
matic gratings.

McCollough Effects for L –M or S–(L+M ) Axes
In the final set of experiments, we compared conven-

tional MEs for patterns defined by different chromatic
axes. The S cones and their pathways differ in a number
of ways from the L and M cones. For example, S cones
contribute little to conventional measures of luminance
(Lennie, Pokorny, & Smith, 1993). Moreover, because
there are few S cones and they are sparsely distributed
(Curcio et al., 1991; De Monasterio, McCrane, Newlan-
der, & Schein, 1985; Marc & Sperling, 1977), the spatial
resolution limit of the S cone mosaic is substantially lower
than the L or M cone mosaic (Green, 1968; Stiles, 1949;
Stromeyer, Kranda, & Sternheim, 1978; Williams & Col-
lier, 1983; Williams, Sekiguchi, & Brainard, 1993). We
therefore asked whether these differences in spatial sensi-
tivity would result in differences in the spatial dependence
of the aftereffect.

To examine this, we compared the spatial frequency
dependence of the ME for adapting colors that isolated
the L–M or S–(L+M) axis. The adapting gratings were
unidirectional and had a luminance contrast of 1.0, and
they were thus composed of alternate black and chromatic
bars (e.g., of +85 L–M at one orientation and �85 L–M
at the second orientation). Test gratings were achromatic
bars with a luminance contrast of 1.0. The adapt and test
bars had a spatial frequency of 3 or 12 cycles/deg (pattern
size of 2.6º viewed from 370 cm) or 6 or 24 cycles/deg
(pattern size of 1.3º and viewed at 740 cm from the display
through a front surface mirror).

Figure 7 plots the L–M and S–(L+M) coordinates of
matches for the 6 or 24 cycles/deg gratings. The matches

Figure 7. Matches to achromatic test gratings after adapting to L–M gratings (+L at one orientation and �L at the second ori-
entation) or S–(L+M) gratings. Adapt and test gratings had a spatial frequency of 6 cycles/deg (unfilled circles) or 24 cycles/deg
(filled circles). Matches were made by varying both the hue and the saturation of the comparison field. Unfilled triangles for M.W.
show additional settings made after adapting to 24 cycles/deg Gabor patches instead of squarewave gratings.
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were made by adjusting both the hue and the saturation
of the achromatic test grating after adapting to horizontal
or vertical gratings defined by the complementary color
pair along either chromatic axis (i.e., +L vs. �L, or +S
vs. �S). Aftereffects were weaker but still clearly visible
at the high frequency and tended to be in color directions
that were complementary to the adapting colors (though,
for M.W., there are systematic rotations of the axes).
Moreover, the frequency dependence of the aftereffect
appears similar for both chromatic axes. This is shown in
Figure 8, which replots the aftereffects to show the mag-
nitude of the perceived color shifts along the color direc-
tion complementary to the adapting direction. The fre-
quency dependence for the L–M and S–(L+M) axes was
assessed for each observer by comparing the magnitude
of the aftereffects using a two-way ANOVA (spatial fre-
quency � chromatic axis), which showed that the color �
frequency interaction was not significant [Fs(2,44) = 1.5,
0.2, and 0.8 for M.W., D.H., and N.D., respectively]. Sim-
ilar results were also obtained for gratings of 3 or 12 cy-
cles/deg, when the display was viewed directly at the
closer distance (Figure 8). The higher frequencies should
be near (12 cycles/deg) or well above (24 cycles/deg) the
resolution limit of the S cones (Green, 1968; Stiles,
1949; Stromeyer et al., 1978; Williams & Collier, 1983;
Williams et al., 1993), yet MEs for these patterns were
readily visible and varied with frequency in a similar way
for the L–M and S–(L+M) axes.

To confirm that the aftereffects were not the result of
possible edge artifacts in the stimuli, M.W. repeated the
measurements at 24 cycles/deg using Gabor patches as
the adapting stimuli. That is, the stimuli were, in this
case, composed of sinewave gratings tapered by a Gauss-
ian envelope. The unfilled triangles in Figure 7 show that
the MEs remained similar to those induced by the unta-
pered squarewave patterns. We also examined whether
observers might be able to resolve the orientation of the
high frequency patterns with their S cones. To test this,
the patterns were viewed in the presence of a superposed

long-wavelength (Wratten 25) adapting background,
chosen to desensitize the L and M cones so that the stim-
uli should be visible only to the S cones. Under these con-
ditions, the adapting patterns appeared as diffuse but spa-
tially uniform patches. Forced-choice trials showed that
the observers were unable to detect the orientation of the
pattern, whereas thresholds for detecting the color of the
patterns were only mildly elevated. Moreover, in the
presence of the background, the observers could not per-
ceive aliased patterns which might arise from the under-
sampling of the gratings by the S cones (Williams & Col-
lier, 1983) and could give rise to spurious oriented edges.
Our results therefore suggest that a difference in S cone
excitation can induce an ME even when the spatial fre-
quency of the patterns is too high to allow the S cones to
resolve the orientation difference. Thus, the ME persists
even when the cones encoding the pattern orientation are
different from the cones encoding the pattern color.

DISCUSSION

The McCollough Effect
and Color Contrast Adaptation

To summarize, we have examined properties of the ME
within the context of the color changes induced by color
contrast adaptation. Color-contingent aftereffects, such
as the ME, involve interactions between color and form
or movement and are important in demonstrating that the
processes underlying the color aftereffects must be selec-
tive for the spatial and temporal properties of the stimu-
lus. However, the perceived color changes in the afteref-
fect may reflect the selectivity for the color–luminance
relationships in the adapting and test patterns. As illus-
trated in Figure 1, opposite color-aftereffects in bright and
dark stimuli can be induced in uniform fields after adapt-
ing to a correlated variation in luminance and color (Web-
ster & Mollon, 1991, 1994), and MEs may be induced
when both adapting orientations share a common color
(Figure 2; Allan & Siegel, 1997; MacKay & MacKay,

Figure 8. Magnitude of aftereffects for L–M (filled circles) and S–(L+M) (unfilled circles) adapting gratings as a function of
spatial frequency. The magnitude is plotted as the perceived color shift in the direction complementary to the adapting color.
The aftereffects for both color directions show a similar dependence on spatial frequency.
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1977; but see Humphrey, Dodwell, & Emerson, 1985).
Thus, color aftereffects can persist under conditions that
reduce the possible correlations between pattern and color,
yet preserve the contingencies between luminance and
color.

In the present study, we explored the functional simi-
larities between color contrast adaptation and the ME by
examining the orientation selectivity of the color adap-
tation. Our results show that the induced changes in the
perceived color of gratings are selective for pattern ori-
entation but that these spatially selective changes also
depend fundamentally on how the stimuli are “oriented”
within color–luminance space. Thus, opposite afteref-
fects are induced by horizontal and vertical gratings that
have the same luminance and chromatic contrasts but
combined in opposite ways (Figure 2). When the two
adapting orientations have different mean colors, the af-
tereffects again depend on how those colors are combined
with luminance (Figure 3). Finally, our results replicate
previous studies showing that equiluminant adapting pat-
terns do not induce aftereffects in achromatic gratings,
yet can, under appropriate conditions, induce orientation-
specific biases in the perceived color of equiluminant
test patterns (Figure 6). The interactions between the adapt
and test patterns thus depend in systematic ways on the re-
lationships between the color–luminance directions defin-
ing the stimuli.

That MEs might be related to other classes of pattern-
selective adaptation effects is well recognized (e.g., Bar-
low, 1990; Stromeyer, Lange, & Ganz, 1973). On the
other hand, it is also likely that the ME and other contin-
gent aftereffects include processes that are distinct from
the processes underlying the contrast-sensitivity changes
observed with adaptation to gratings or uniform fields. For
example, the ME is known to have a very long persistence
and to exhibit little interocular transfer (Harris, 1980; Stro-
meyer, 1978) and may include processes that are specif-
ically involved in discounting color fringes at edges
(Broerse, Vladusich, & O’Shea, 1999; McCollough,
1965). Such features may distinguish the ME from other
examples of contrast or pattern aftereffects. We did not
use the long delays between adaptation and testing that are
typical in studies of the ME, and the persistence of our
color aftereffects remains untested. However, the color–
luminance relationships revealed by our results appear
similar in pattern to those suggested by previous measure-
ments of the ME. This functional similarity suggests that
it may be possible to account for the general nature of
the color changes in different cortical aftereffects within a
common framework that is focused on how the visual
system is organized to represent information about color
and luminance.

An important implication of this framework is that chro-
matic contrast and achromatic contrast, or different types
of chromatic contrast, are not encoded by separate chan-
nels that adapt independently. Instead, the adaptation ef-
fects imply channels that can respond selectively to spe-
cific combinations of luminance and chromatic contrast

(Webster, 1996). This was suggested previously for the
ME by Stromeyer and Dawson (1978) to account for
their finding that the MEs are selective for the luminance
polarity of the adapting gratings, which our present results
confirm. By such accounts, the achromatic axis—which,
at postreceptoral levels, is typically assumed to reflect
an absence of activity within chromatic channels—cor-
responds instead to the distribution of activity across dif-
ferent color–luminance mechanisms. The color afteref-
fects induced in achromatic gratings may thus arise when
this distribution is biased by selective adaptation to spe-
cific color–luminance directions.

S Cones and the McCollough Effect
We observed qualitatively similar color aftereffects

whether the observers adapted to pattern colors that var-
ied only in S cone excitation or only in L and M cone ex-
citation. This result is notable in two regards. First, as we
pointed out previously, S cones are thought to contribute
little to measures of luminance sensitivity (Lennie et al.,
1993), yet we have argued that the basis for the color
changes in the ME is the interaction between luminance
contrast and chromatic contrast. However, it is likely
that, in the ME, what is actually being biased is the per-
ception of surface color and lightness, which depends on
different visual subsystems (e.g., the P pathway) than the
pathways isolated by standard luminance measurements
(e.g., the M pathway). Webster and Mollon (1993) showed
that adaptation-dependent interactions between color
and luminance are weak or absent in tasks that directly
measure luminance sensitivity (e.g., flicker photometry),
whereas they are strong in tasks that instead depend on
judgments of the apparent color and brightness (or light-
ness) of stimuli (Webster & Mollon, 1993, 1994). The pre-
sent results are consistent with our previous work showing
that, in color appearance judgments, adaptation can be
strongly selective for how S cone signals are combined
with luminance contrast.

The second notable feature of our results is that the S
cone aftereffects showed a similar spatial frequency de-
pendence to the L and M cone adapting colors and re-
mained clearly visible at frequencies above the resolution
limit of the S cones (Figures 7 and 8). Again, for such
stimuli, different cone types must have encoded the color
(S cones) and orientation (L and M cones) of the adapt-
ing and test stimuli. This result is reminiscent of the ob-
servation that an ME induced under photopic conditions
can be visible under scotopic conditions (Stromeyer,
1974). The transfer of the aftereffect across illumination
levels presumably reflects the convergence of rods and
cones onto common pathways. In the present case, the re-
sults imply that chromatic information from S cones can
“converge” with luminance and high-frequency spatial in-
formation from L and M cones. Whether this convergence
reflects hard-wired mechanisms or soft-wired associa-
tions remains unknown, as more generally do the mech-
anisms underlying the ME (Barlow, 1990; Dodwell &
Humphrey, 1990; McCollough, 1965; Riggs, White, &
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Eimas, 1974; Siegel & Allan, 1992). In either case, these
results reveal an intriguing flexibility in the contingencies
to which the visual system can adapt.

Bidirectional Versus Unidirectional
Color–Luminance Mechanisms

We measured the color aftereffects for a variety of dif-
ferent adapting gratings that were either bidirectional or
unidirectional—or, in other words, that included both
poles or only a single pole of a color–luminance axis.
What do the aftereffects for these stimuli imply about the
polarity selectivity of the underlying mechanisms? To
examine this, in this section, we compare our results to
the color changes predicted by adaptation within mech-
anisms that have bidirectional or unidirectional spectral
sensitivities. Conventional color-opponent channels are
bidirectional in that they respond in antagonistic fashion
to both poles of a color axis (e.g., exciting to red while
inhibiting to green). Such channels were inspired by the
mutually exclusive nature of color sensations (e.g., red vs.

green; Hering, 1964) and describe how chromatic stimuli
modulate the activity of geniculate cells (R. L. De Val-
ois, Abramov, & Jacobs, 1966). However, in many con-
texts, color mechanisms instead appear to be unidirec-
tional, so that they are sensitive to excursions along only
one direction of a color axis (e.g., either red or green).
Unidirectional mechanisms are in fact widely assumed
in the separate on- and off-pathways of luminance pro-
cessing (Fiorentini, Baumgartner, Magnussen, Schiller,
& Thomas, 1990). A similar polarity-specific organiza-
tion within chromatic mechanisms has been deduced
from asymmetries in color perception (Abramov, Gor-
don, & Chan, 1991; R. L. De Valois, K. K. De Valois,
Switkes, & Mahon, 1997; Stromeyer, Lee, & Eskew,
1992), and this organization might naturally arise from
the half-wave rectification in cortical cells (R. L. De Val-
ois & K. K. De Valois, 1993; Livingstone & Hubel, 1988).
Moreover, previous studies have shown that, with appro-
priate stimuli, the two poles of the luminance or chromatic
axes can be adapted independently (Beer & MacLeod,

Figure 9. Perceived hue shifts in achromatic increments or decrements along the achromatic axis (filled circles) pre-
dicted by selective adaptation within unidirectional (top row) or bidirectional (bottom row) mechanisms tuned to dif-
ferent color–luminance combinations. Each individual mechanism has a sensitivity that varies as the cosine of its pre-
ferred color–luminance direction. The preferred directions of different mechanisms are assumed to be uniformly
distributed around the luminance versus L–M plane. The perceived direction of stimuli is assumed to correspond to
the vector average of the population. Adaptation biases this average by reducing sensitivity within different mecha-
nisms in proportion to their sensitivity to the adapting stimulus. Solid line contours plot the sensitivity to different
color–luminance directions following adaptation to the adapting color–luminance axis. Adaptation in unidirectional
mechanisms predicts hue shifts in the same direction in increments and decrements and predicts hue shifts from equi-
luminant adaptation. Adaptation in bidirectional mechanisms predicts hue shifts in opposite directions in increments
and decrements and predicts no hue shift from equiluminant adaptation.
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1999; K. K. De Valois, 1977; Krauskopf, 1980; Krauskopf,
Williams, & Heeley, 1982; Krauskopf & Zaidi, 1986). We
asked whether the pattern of color changes in our adap-
tation results is consistent with unidirectional or bidi-
rectional mechanisms.

Figure 9 shows the sensitivity changes predicted by
adaptation to a bright-red, equiluminant-red, or dark-red
adapting stimulus and how these bias the perceived
color–luminance direction of stimuli along the achro-
matic axis (filled circles). In each case, we assumed that
the luminance–chromatic plane is spanned by multiple
mechanisms tuned to different color–luminance directions
(so that each stimulus is encoded by a distribution of
channels with overlapping sensitivities) and that the ap-
pearance of the stimulus is determined by the distribution
mean. We also assumed that each individual mechanism
combines the cone signals linearly, so that sensitivity
varies as the cosine of its preferred direction. The model
is analogous to multiple-channel models of the tilt after-
effect and similar to the multiple-channel model of color
contrast adaptation described by Webster and Mollon
(1994).

The top row of Figure 9 illustrates the aftereffects pre-
dicted for unidirectional mechanisms. Adaptation to the
bright-red axis (e.g., from a grating formed by gray and
bright-red bars) desensitizes any mechanisms responsive
to this axis. This will produce the largest sensitivity change
in the mechanism tuned to the adapting axis and pro-
gressively weaker changes up to �90º from the adapting
axis (as shown by the solid line contour, which plots the
sensitivity to different color–luminance directions fol-
lowing the adaptation). In turn, this will change the dis-
tribution of responses encoding the achromatic test bars.
(Note this distribution includes all mechanisms tuned to
directions within �90º of the achromatic axis.) The
bright achromatic bars show a large bias toward green,
since the “bright-red” mechanisms contributing to this
axis have been strongly desensitized. However, the dark
chromatic bars are also predicted to show a weaker shift
toward green, since the “dark-red” mechanisms con-
tributing to this axis have also been weakly desensitized.
More generally, all directions within the plane should ap-
pear rotated away from the bright-red adapting axis and
toward a dark-green axis 180º away. When adaptation is
instead to the dark-red axis, all test stimuli should appear
rotated toward bright green, inducing a large green shift in
the dark achromatic bars and a smaller shift in the bright
achromatic bars. Finally, adaptation to the equiluminant
red should bias appearance toward equiluminant green,
predicting moderate green shifts of equal magnitude in
both the bright bars and the dark bars. Thus, the important
feature of the polarity-specific adaptation is that it pre-
dicts that adaptation to any reddish axis will shift achro-
matic stimuli toward green, and the magnitude of the shift
is larger for the test axis that is closer to the adapting axis.

The bottom row of Figure 9 shows the corresponding
predictions for adaptation within bidirectional mecha-
nisms. In this case, the bright-red stimulus maximally de-
sensitizes a mechanism that encodes both bright red and

dark green, thus inducing symmetrical losses in sensi-
tivity. Bright achromatic stimuli are again rotated toward
green, because the “bright-red (and “dark-green”) mech-
anisms contributing to them are selectively adapted. Yet
dark achromatic stimuli are now shifted toward red, be-
cause of the s.elective bias against dark green. More gen-
erally, in this case, all directions should appear to rotate
away from the bidirectional adapting axis and toward an
axis 90º away. Unlike the previous predictions for unidi-
rectional adaptation, this predicts aftereffects of oppo-
site sign and equal magnitude for the opposite poles of
the achromatic axis and predicts no aftereffect on achro-
matic tests from the equiluminant red grating.

How do these predictions relate to the pattern of after-
effects we actually observed? The results for bright-
red/dark-green adaptation of Figure 2 are consistent with
either model, since the adapting stimulus included both
axis poles. However, for the unidirectional stimuli of Fig-
ure 3, the bright-chromatic (Figure 3A) or dark-chromatic
(Figure 3C) adapting conditions yield results that are
similar to the unidirectional predictions and clearly dif-
fer from the bidirectional predictions. Specifically, both
conditions induced polarity-specific shifts of the same
sign in the bright and dark achromatic test bars, confirm-
ing previous reports (Mikaelian, 1980; Stromeyer, 1978).
(Note that our bright-red gratings alternated between
bright red and dark gray, so that both components should
have led to adaptation; however, including a sensitivity
loss to dark gray does not alter the direction of the predici-
tions.)

Adaptation within unidirectional mechanisms is also
consistent with reports that strong MEs can be obtained
in gratings formed by bright and dark bars of the same
chromaticity (Ellis, 1977). Within bidirectional mecha-
nisms, the bright and dark components of the gratings
should lead to opposite sensitivity biases, canceling the
aftereffect. Yet, within unidirectional mechanisms, the
separate bright and dark adaptation effects should both
induce biases toward similar directions (e.g., toward dark
green or bright green, following adaptation to a bright-
red/dark-red grating). This should cause both the bright
bars and the dark bars of an achromatic test to appear
greenish, as observed. Thus, unidirectional adaptation
appears better able to account for the aftereffects for grat-
ings with combined luminance and chromatic contrast.

Surprisingly, however, the equiluminant adapting con-
ditions instead follow the predictions for bidirectional
adaptation. Thus, adaptation to the gray–red stimulus did
not induce an aftereffect in the achromatic tests (Fig-
ure 3B) or in tests along orthogonal chromatic axes (Fig-
ures 4 and 5) but did alter the appearance of test axes that
were less than 90º from the adapting axis (Figures 4 and 6).
Such aftereffects are inconsistent with a polarity-specific
sensitivity loss and instead fit well with the predictions
for bidirectional mechanisms.

We are therefore left with a marked asymmetry be-
tween the aftereffects for equiluminant and luminance–
chromatic gratings. While our results do not reveal the
basis for this difference, there are a number of factors
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that could contribute. First, the mechanisms tuned to the
equiluminant plane might show a weaker or different form
of rectification. For example, Krauskopf et al. (1982)
found that sawtooth modulation could adapt separately
the two poles of either the bright–dark luminance axis or
the red–green chromatic axis, yet the sign of the adapt-
ing phase differed for luminance and color. Moreover,
Webster and Mollon (1994) found no difference between
sawtooth and sinusoidal adaptation on the suprathreshold
appearance of chromatic stimuli, with both causing com-
parable color changes along both poles of the adapting
axis. Thus, the mechanisms tuned to the equiluminant
plane may behave more like bidirectional mechanisms
with regard to adaptation-induced changes in color ap-
pearance.

A second possibility is that chromatic adaptation and/or
induction effects may effectively transform the equilumi-
nant unidirectional stimulus into a bidirectional modula-
tion. We chose a rapid rate of alternation (1 Hz) between
the adapting gratings to try to maintain a constant state of
chromatic adaptation. Yet any differential chromatic adap-
tation during the 0.5 sec at each orientation would shift
the effective chromatic modulation toward a bidirectional
red–green. Similarly, any chromatic induction would shift
the perceived color of the gray bars toward the comple-
mentary color of the chromatic bars, again resulting in a
red–green modulation. Color induction may precede the
site of contrast adaptation, observers can be adapted by
an apparent color modulation of a field that is induced by
physically modulating color in the surround (Krauskopf
& Zaidi, 1986). On the other hand, induced colors have
not been found to be effective adapting stimuli in previous
studies of the ME (Thompson & Latchford, 1986; W. R.
Webster, Day, & Willenberg, 1988), so the role of induced
colors in the present results remains uncertain. Never-
theless, we informally observed that effects of chromatic
adaptation and/or induction were strong at equiluminance,
since the achromatic bars in fact appeared saturated and
complementary in color to the inducing bars. Thus, chro-
matic adaptation and induction may simply have foiled
our attempt to produce a unidirectional stimulus.

A third possibility is that the ME with luminance grat-
ings does depend on special processes specific for lumi-
nance contrast, which, again, might involve mechanisms
for compensating for chromatic fringes at luminance
edges (Broerse et al., 1999; McCollough, 1965). In this
event, it is unlikely that the absence of the conventional
ME at equiluminance results simply because equilumi-
nant stimuli fail to induce orientation-specific color after-
effects. First, our results (Figure 6) and those of Flanagan
et al. (1989) show that that the aftereffects are orientation
selective for bidirectional adapting patterns. Second, mea-
sures of threshold adaptation (Bradley, Switkes, & K. K.
De Valois, 1988), the tilt aftereffect (Elsner, 1978; Flana-
gan, Cavanagh, & Favreau, 1990), and near-threshold
and suprathreshold discrimination (Webster et al., 1990)
have all found strong orientation selectivity for chromatic
patterns. Thus, the asymmetries in the aftereffects are

more likely to reflect asymmetries in color–luminance
coding than in spatial processing. And, despite such
asymmetries, our results show that it is plausible to as-
sume that the color biases in all color–luminance direc-
tions reflect a similar principle—that they are effectively
tilt aftereffects in the perceived directions of color space.
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