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Recent physiological evidence suggests that cones do not light adapt at low light levels. To assess 
whether adaptation is cone-selective at low light levels, the red-green detection mechanism was 
isolated. Thresholds were measured with a large test flash, which stimulated the L and M cones in 
different fixed amplitude ratios, on different colored adapting fields. Thresholds were plotted in L and 
M cone contrast coordinates. The red-green mechanism responded to an equally-weighted difference 
of L and M cone contrast on each colored field, demonstrating equivalent, Weberian adaptation 
of the L and M cone signals. The L and M cone signals independently adapted for illuminance 
levels as low as 60 effective trolands (e.g. M-cone trolands). Since this adaptation is entirely selective 
to cone type, it suggests that the cones themselves light-adapt. The red-green detection contour 
on reddish fields was displaced further out from the origin of the cone contrast coordinates, revealing 
an additional sensitivity loss at a subsequent, spectrally-opponent site. This second-site effect may 
arise from a net "red" or "green" signal that represents the degree to which the L and M cones are 
differently hyperpolarized by the steady, colored adapting field. Such differential hyperpolarization 
is compatible with equivalent, Weberian adaptation of the L and M cones. 

Red-green detection Cone-selective adaptation Second-site adaptation 

INTRODUCTION 

The human daylight (cone) visual system maintains high 
sensitivity over an illumination range of more than one 
million-fold. Retinal processes re-equilibrate response 
sensitivity to each level of illumination, thus making the 
response to contrast largely independent of mean illumi- 
nation (Shapley & Enroth-Cugell, 1984). Lamb (1985) 
has argued that independent adaptation of the three 
spectral classes of cones would make their contrast 
contributions independent of the spectral nature of the 
illuminant, thereby promoting color constancy (Ives, 
1912; Normann, Perlman & Hallett, 1991)--an effect 
generally known as von Kries adaptation. It would be 
advantageous to have adaptation at the earliest stage 
(the cone photoreceptors) to prevent response saturation 
of either the cones or subsequent neural stages (Purpura, 
Tranchina, Kaplan & Shapley, 1990; Shapley, Kaplan & 
Purpura, 1993). 

Surprisingly, however, recent recordings (Schnapf, 
Nunn, Meister & Baylor, 1990) of the photocurrent in 
single excised primate cones reveal only very slight 
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adaptation (a 2-fold gain reduction) when exposed to 
high background illumination of ~2000 trolands. A 
recent study by Krauskopf and Gegenfurtner (1992) 
might seem to support this view that the cones do not 
light-adapt. They measured thresholds in humans for 
equiluminant red-green flashes (on the L-M axis) on 
colored fields of 400 td. Adapting field color ranged from 
green to orange, thus producing relatively large differen- 
tial illumination levels for the L and M cones. 
Thresholds for equiluminant flashes changed little with 
adapting color, leading the authors to conclude that the 
L and M cones do not adapt under these conditions. 

We used flashes that are not constrained to just the 
equiluminant axis, but rather flashes that could stimulate 
the L and M cones in any desired ratio (positive or 
negative). The red-green detection mechanism was iso- 
lated on colored fields that ranged between green and 
deep-red. We studied the red-green mechanism because 
it can be easily isolated--it has high sensitivity for 
stimuli like ours (King-Smith & Carden, 1976; Thornton 
& Pugh, 1983; Cole, Hine & Mcllhagga, 1993; Chaparro, 
Stromeyer, Huang, Kronauer & Eskew, 1993), and it can 
be readily identified--for it responds to a simple linear 
difference of L and M test signals (Thornton & Pugh, 
1983; Stromeyer, Cole & Kronauer, 1985; Calkins, 
Thornton & Pugh, 1992). 
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By plotting thresholds in cone contrast coordinates, 
we could separate two adaptational processes which 
control sensitivity of the red-green mechanism. The first 
process appeared to be completely selective between the 
L and M cones, and was unaffected by a subsequent 
spectrally-opponent adaptational process. By correcting 
the actual threshold data for this latter "second-site" 
effect, cone-selective adaptation was revealed over the 
full illumination range. The two adaptation processes 
cannot be discerned with tests only restricted to the 
equiluminant axis. 

The present method of  isolating the red-green mech- 
anism to study adaptation may have advantages over the 
earlier paradigms of Stiles (1978), which also clearly 
suggest there is cone-selective adaptation. By using the 
full gamut of test vectors within the cone contrast 
coordinates, we can better isolate the red-green detec- 
tion mechanism. As we will show, a consideration of  the 
slope and position of  the red-green detection contour on 
different colored fields can reveal the two adaptational 
processes. 

METHODS 

Stimulus 

A large (2.2 °dia,  200 msec) test flash was presented in 
the center of  a 6.2 ° uniform adapting field. The observer 
fixated between two continuously-presented, tiny black 
dots, presented~0.5 ° above and below the center of the 
test disk. A large, long duration test flash was used to 
preferentially stimulate the red-green mechanism 
(Thornton & Pugh, 1983). The flash consisted of simul- 
taneous increments and decrements of  red and green 
lights (or vice versa), allowing us to stimulate the L and 
M cones in any desired amplitude ratio (positive or 
negative). 

Apparatus 

Stimuli were produced with an 8-channel Maxwellian 
view (Cole, Stromeyer & Kronauer,  1990). The stimulus 
consisted of red and green test disks (2.2 ° ) and matched 
contiguous annuli, superposed on a brighter uniform 
adapting field (6.2°). The field appeared uniform (except 
for the fixation marks), since the edge between the test 
region and annulus was invisible. The adapting field was 
produced by light from a 50 W halogen lamp, passed 
through a monochromator.  The red (671 nm) and green 
(550nm) test disks and annuli were produced with 
light-emitting diodes (LEDs), filtered with interference 
filters. Test flashes were produced by modulating the test 
disks about their mean level, using 12-bit DACs, which 
were linearized with lookup tables. 

The tests disks and annuli were formed with a mirror 
having a bare elliptical (test) area which appeared circu- 
lar to the observer. The mirror was placed in a cuvette 
of  index-matching silicone oil. A Maxwellian view lens 
imaged all lights on an artificial pupil and achromatizing 
lens (Bedford & Wyszecki, 1957), and a pair of  relay 
lenses formed a 2.2 mm image of  the artificial pupil in the 

observer's pupil. The observer was stabilized with a bite 
bar on a rigid xyz translator. Ocular chromatic aberra- 
tion was corrected by adjusting the translator so that the 
red and green annuli appeared spatially coincident. 

All light components were narrowband (8-10 nm full- 
bandwidth at half-height). Spectral calibrations of the 
lights were made in 1-nm steps with a radiometer and 
monochromator  (2-nm BW) placed at the eyepiece of the 
optical system. 

Threshold measurements 

Thresholds were measured with a temporal two- 
alternative forced-choice procedure. After 2-min initial 
adaptation to the field, the observer initiated each trial 
with a button. Tones marked each temporal interval and 
gave feedback. Two to five Quest functions (Watson & 
Pelli, 1983), each of  30-450 trials, were randomly inter- 
leaved for each run. Each threshold estimate was deter- 
mined by fitting results from 300 to 600 trials with the 
Weibull function 

P(I) = 1 - ~xp[ - (I/ot)~], 

where / ,  c~ and/~ represent respectively, stimulus inten- 
sity, threshold (82%-correct), and slope. For  the detec- 
tion measurements, only green or only red flashes were 
presented during each run. 

Thresholds were also measured in several additional 
paradigms. In the pedestal paradigm, an identical 
suprathreshold luminance flash (the pedestal) was pre- 
sented in both trial intervals; a spatially and temporally 
coincident, chromatic flash was added to the pedestal in 
one interval. The task was to select the interval with the 
chromatic test. The luminance pedestal matched the field 
chromaticity. In the chromatic identification paradigm, a 
single red or a single green chromatic flash was presented 
on each trial, and the observer attempted to choose the 
redder-appearing interval, i.e. the interval containing the 
red test when it was presented, and the blank interval 
when the green test was presented. In the analogous, 
brightness identification paradigm, either a brighter or 
darker chromatic flash was presented on each trial, and 
the observer attempted to choose the brighter-appearing 
interval. Our procedure overcomes response bias which 
would otherwise occur in measuring identification 
thresholds with an adaptive psychometric method 
(Chaparro, Stromeyer, Kronauer & Eskew, 1994). 

Thresholds in absolute troland coordinates and the 
red-green detection mechanism 

The measured spectral energy distributions of  the 
lights were first multiplied by the Smith and Pokorny 
(1975) L and M cone fundamentals. Importantly, the 
relative heights of  the L and M fundamentals have been 
set by Smith and Pokorny so that their sum is equivalent 
to the luminosity function, 

Judd-corrected V~ = L~ + M~. 

Thus the illuminance of a light, specified in trolands, can 
be apportioned between the L and M cones (Boynton, 
1986). 
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We first represent the threshold measurements in L and 
M troland coordinates. One L td and one M td produce 
about 18 and 11 quantal catches per sec in a foveal L and 
M cone, respectively. (This is based on assumptions of 
0.6 ocular transmission, 0.4 peak photo-pigment density, 
16,800 cones/deg 2 for the foveaola, and that the relative 
peak sensitivities of the Smith and Pokorny L and M 
cone functions reflect the relative number of L vs M 
cones.) The test flash produces an illuminance change of 
A trolands, apportioned between the L and M cones, 
AL td and AM td (Boynton, 1986). Test flashes plotted 
along the horizontal axis (Fig. la) produce increments 
and decrements in the L cones alone (with the M cones 
"silenced"); similarly, flashes plotted along the vertical 
axis produce changes in the M cones alone. 

Flashes on the equiluminant axis (135-315 ° axis) 
produce no illuminance change by definition (of the Va 
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F I G U R E  1. (a) L and M troland coordinates for test flash. The test 
flash (a vector) produces an illuminance change, in trolands, ap- 
portioned between the L and M cones. Vectors on horizontal axis 
stimulate L cones alone, while vectors on vertical axis stimulate M 
cones alone. On the equiluminant (135-315 °) axis, the flash produces 
n o  illuminance change since the L and M troland changes are of  
equivalent magnitude but opposite sign. The vectors at 135 ° and at 
315 ° represent, respectively, green and a red equiluminant flash. 
Hypothetical "red" detection contour is drawn through vectors for 
threshold red flashes detected by red-green mechanism. (b) On the red 
adapting field, the red detection contour is expected to have a flatter 
slope, since the L cones may adapt more than M cones--elevating 
thresholds along the L-cone axis. On the green field the contour is 

expected to be steeper, since the M cones may adapt more. 

function), since the troland changes owing to the L 
and M cones exactly cancel each other. This physical 
equiluminant axis does not necessarily correspond to 
the psychophysically-determined equiluminance axis on 
each adapting field. The axis for psychophysical equilu- 
minance must be parallel to the luminance detection 
contour on each colored adapting field, and the slope of 
contour varies with the color and intensity of the 
adapting field (Eisner & MacLeod, 1981). We first 
consider this physical (V~) equiluminant axis, so as 
to compare our results with those of Krauskopf and 
Gegenfurtner (1992). 

The dashed contour in Fig. la represents the hypothet- 
ical "red" detection contour for the red-green mechan- 
ism, measured with a wide range of test flashes. Each 
vector depicts the AL and AM td components of a 
threshold-level flash, with the adapting field represented 
at the origin. The red-green mechanism responds to a 
linear difference of L and M test stimuli. The red 
contour is represented by the equation, 

aAL td - b A M  td = constant, 

with positive coefficients a and b. All flashes along the 
contour produce a response of red polarity. A contour 
for green polarity would be represented by a similarly 
positioned parallel contour, on the opposite side of the 
origin. 

Figure lb shows how the slope of the red contour may 
change on a red adapting field and on a green field. The 
red field may adapt the L cones more than the M cones, 
thus elevating thresholds along the L-cone axis. In 
contrast, the green field may steepen the contour by 
elevating thresholds along the M-cone axis. Our results 
indicate that on each field, the slopes of the red detection 
contour and the green contour are similar, and approxi- 
mately symmetrically positioned relative to the origin. 

RESULTS 

Red-green detection contours on various adapting fields 

Figure 2 shows both green and red detection contours 
measured on 400 td adapting fields (top panels) and 
3000 td fields (bottom panels). The specified field wave- 
length is for the entire field (main adapting background 
plus LEDs, calculated from the Smith and Pokorny 
fundamentals). Test flashes on the upper contour in each 
panel (2nd quadrant) generally appeared greenish at 
threshold, and flashes on the lower contour (4th quad- 
rant) appeared reddish. Straight contours are drawn 
through flashes assumed to be detected by the red-green 
mechanism. The fitted red and green contours for each 
field condition were constrained to have the same slope, 
but with the intercepts free to vary. The symmetric 
positions of the red and green contours from the origin 
indicate equal sensitivity to red and green chromatic 
flashes (Stromeyer et al., 1985; Cole et al., 1993). 

The flashes were assumed to be detected by the 
spectrally-opponent, red-green mechanism for three 
reasons. First, the thresholds are well fit by straight 
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FI G U RE  2. Detection contours for red-green mechanism measured on 400 td (top panels) and 3000 td fields (bottom panels). 
Within each panel, the upper contours represent green response polarity and the lower contours represent red polarity. 

Straight lines of  the s a m e  slope are fit for both polarities, with the intercepts free to vary. 

contours of positive slope, indicating detection by a 
mechanism with opponent L and M inputs. Second, the 
flashes generally appeared red or green at threshold, 
consistent with previous studies showing the flashes can 
be chromatically discriminated with the same accuracy 
that they are detected (Cole et al., 1990). (We present 
such data in control experiments.) Third, other studies 
have shown that the detection contour slope predicts 
suprathreshold red-green hue equilibria (Thornton & 
Pugh, 1983) and suprathreshold indiscriminability con- 
tours (Calkins et al., 1992). 

Selective cone adaptation is shown by the fact that the 
contours are steepest on a green field and most flat on 
a red field--as predicted (Fig. lb). From the contours in 
Fig. 2, we determined the thresholds along the L-cone 
axis, the M-cone axis and the equiluminant (135-315 °) 
axis. These thresholds are shown in Fig. 3, for both the 
dim and bright fields. Krauskopf and Gegenfurtner 
(1992) observed that the equiluminant thresholds 
changed little with field color, thus concluding there is 
little cone adaptation in the red-green mechanism. We 
also observe rather little variation in the equiluminant 
thresholds. However, the thresholds for the pure L-cone 
and pure M-cone flashes change considerably more with 
field color. As shown in Fig. 2, the contours tend to 
rotate around an approximately common point on the 

equiluminant axis--thus restricting measurements to 
the equiluminant axis is the least sensitive place to 
discern the effects of adaptation (Eskew, Stromeyer & 
Kronauer, 1992). 

The results as displayed in Fig. 3 are somewhat 
unexpected. The L-cone thresholds change markedly 
with field wavelength, whereas the M-cone thresholds 
change little. This is paradoxical since varying the adapt- 
ing field from 525 to 654 nm decreases the mean M-cone 
stimulation by 8-fold and increases the mean L-cone 
stimulation by only 2-fold. It will be shown that when 
we correct the data for the second-site effect, this puz- 
zling aspect of the data disappears and the data conform 
to the prediction of cone-selective adaptation. 

We next transformed our results from the L and M 
troland (absolute) coordinates to coordinates of L and 
M cone contrast. This will reveal whether the L and M 
cones signals adapt independently on each colored field, 
so that their contrast contributions are equal within the 
red-green mechanism. The data points from Fig. 2 are 
replotted in Fig. 4, using cone contrast coordinates, 
A L / L ,  A M / M .  For this transformation, the incremental 
test components, AL td and AM td are, respectively, 
normalized by the mean field stimulation for that cone 
type (L td or M td), and plotted along the x and y axes, 
respectively, in Fig. 4. This new transformation reveals 
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for additional fields are also depicted. 

two adaptational processes. First, the detection contours 
in cone contrast coordinates all have slopes of ,-~ 1.0, 
indicating that the red-green detection mechanism re- 
sponds to a linear difference of equally-weighted cone 
contrast, a A L / L - b A M / M  = constant (a = b). This 
shows that the L and M signals individually adapt 
and conform to Weber's law. (For sufficiently weak 
fields, a short-fall from Weber's law is likely and the 
contours would deviate from a slope of 1.0, even if the 
adaptation was completely cone-selective.) With no 
cone-selective adaptation, the slope in Fig. 4 would have 
varied over a 6-fold range on the dim fields, since there 
was a 6-fold variation in the M/L background stimu- 
lation. The L and M cone contrast contributions are 
equal even on the bright, deep-red (654 nm) field which 

produces a 19 to 1 difference in mean L and M cone 
stimulation. 

The results in Fig. 4 also provide evidence for a 
second-site effect--the detection contours on reddish 
fields are shifted outward, while maintaining a slope of 
~ 1.0. This reflects an additional decrease of chromatic 
sensitivity (over and above the cone-selective adap- 
tation) dependent on field color. The red field, by 
producing a large L/M field ratio, could partially satu- 
rate the response of the red-green detection mechanism 
at an opponent site (Pugh & Mollon, 1979; Wandell & 
Pugh, 1980; Stromeyer et al., 1985). Alternatively, the 
red field may reduce the response gain in retinal P cells 
(Shapley & Kaplan, 1990). Figure 5 shows this second- 
site effect as a function of field color, for both the dim 
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and the bright fields. The ordinate depicts the mean 
vector length to the red and to the green contours along 
the 135-315 ° axis (Fig. 4) in the cone contrast coordi- 
nates. The abscissa depicts the field color in units used 
by Nagy, Eskew and Boynton (1987). The curves are 
best-fitting, second order polynomials. Thresholds are 
lowest on yellow fields, and they rise slightly on green 
fields and strongly on red fields. These results are 
consistent with earlier findings showing that the 
"second-site" is least polarized on a yellow field (Boyn- 
ton & Kambe, 1980; Wan,dell & Pugh, 1980; Nagy et  al., 
1987; Stromeyer et  al., 1985; Romero, Garcia, Jimrnez 
del Barco & Hita, 1993). In contrast to these chromatic 
VR 35/22--B 

thresholds, our luminance thresholds on the 45-225 ° 
axis of the cone contrast coordinates (not plotted) 
varied little and unsystematically with field color, with 
a SD of  --~ 16% for both observers (cf. Stromeyer et al., 
1985). The fact that field color has so little effect on the 
luminance thresholds but a large effect on the chromatic 
thresholds, provides evidence that the flashes are 
detected by different mechanisms. 

The second-site effect accounts for the paradoxical 
results in Fig. 3--recall that the L-cone thresholds were 
strongly affected by field color but the M-cone 
thresholds were little affected--just the opposite of  
what we might expect based solely on cone-selective 
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adaptation. Second-site adaptat ion causes both the L- 
cone and the M-cone thresholds to rise strongly on the 
red adapting fields. Figure 6 shows these earlier results 
(from Fig. 3) now corrected for second-site adaptation, 
thus revealing the adaptation before the second-site. This 
correction was made by recomputing the position of  the 
red-green contours in Fig. 2, multiplying the coordinates 
of  the contours by the reciprocal of  the second-site effect 
in Fig. 5 (normalized to a value of  1.0 for the ~ 570 nm 
field condition). Figure 6 reveals a shallow rise of  the 
L-cone thresholds on red fields, and a correspondingly 
steep decline of  the M-cone thresholds, as expected on 
the basis of  cone-selective adaptation. 

Having corrected the L-cone and M-cone thresholds 
for the second-site effect (Fig. 6), we can now examine 
over what light intensity range the thresholds obey 
Weber 's  Law. Figure 7 shows that the incremental 
thresholds for each cone class, AL td (open symbols) and 
AM td (filled symbols), rise equivalently, in proport ion 
to the mean field stimulation for that class of  cones. 
Note that the different colored fields produce a greater 
range of  mean stimulation for the M cones than the L 
cones, because M cone sensitivity changes more radically 
than L cone sensitivity with field color. Weberian, 
cone-selective adaptat ion is clearly present over the full 
range of  adapting illumination, down to 60 M td. This 
Weberian behavior is not an artifact of  the second-site 
correction, since the correction only affects the position 
of  the red-green contours and not their slopes. It  is the 
slope that reflects the relative sensitivity of  L and M on 
each colored field. The slope remains ,-, 1.0 with or 
without the second-site correction. 

Control experiments--separating the luminance and 
red-green mechanisms on the deep-red adapting field 

The second-site effect is strongest on the bright red 
(3000 td, 654 nm) field, reducing the sensitivity of  the 

red-green mechanism relative to the luminance mechan- 
ism, and thus making it difficult to discern the red-green 
mechanism. We conducted two sets of  supplementary 
experiments on the bright red field to provide proof  of  
independent luminance and chromatic mechanisms. The 
first set of  experiments provides evidence that the chro- 
matic mechanism signals color alone. The second set 
establishes that the sensitivity of  the luminance mechan- 
ism can be manipulated largely independently of  the 
chromatic mechanism. 

Test for chromatic and brightness identification by the 
red-green detection mechanism. I f  the red-green contour 
represents the action of  only the chromatic mechanism 
(with two response polarities), then red vs green flashes 
should be identified as well as they are detected. The 
circles in Fig. 8 represent the original detection 
thresholds on the red field, whereas the triangles 
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FIGURE 8. Chromatic identification thresholds for red vs green 
flashes (triangles) measured on the 3000 td, 654 nm red adapting 

field. Circles depict the original detection thresholds. 
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circles show similarly poor discrimination for pairs of flashes either 
0.1 log units above detection threshold or 0.2 log units above 

threshold. 

represent chromatic identification thresholds (Methods) 
representing the discriminability of  red flashes (fourth 
quadrant) vs green (second quadrant). The identification 
thresholds are actually slightly lower--they were col- 
lected later when the observer was more practiced. The 
identification thresholds have a slope like the original 
detection contour. 

The open circles in Fig:. 9 show the original detection 
thresholds of the red flashes. Filled circles show bright- 
ness discrimination performance, where the observer 
was asked to identify the brighter of the two red 
flashes, presented as test vectors of 351 ° vs 259 ° in cone 
contrast coordinates---either at detection threshold, or 
0.1 log unit above the threshold or 0.2 log unit above 
threshold. Performance was near chance, suggesting that 
the flashes looked equally red but indistinguishable in 
brightness. Calkins et al. (1992) observed that various 
red flashes detected by the red-green mechanism could 
be raised as much as (I.7 log units above detection 
threshold before the luminance mechanism intervened 
and made the flashes distinguishable--in their study 
there was better isolation of the red-green mechanism 
(they used a low-frequency flash on a yellow adapting 
field). 

Using a luminance pedestal to suppress the luminance 
mechanism independently of  the red-green mechanism. 
The objective is to reveal the red-green mechanism over 
a broader vector range by using a suprathreshold lumi- 
nance pedestal which masks the luminance mechanism 
while weakly facilitating the red-green mechanism (Cole 
et al., 1990). The open circles in Fig. 10 show the original 
detection thresholds, while the filled circles show the red 
contour remeasured on a luminance pedestal of 6 x 
threshold. For both observers the slope of the latter 
contour is ~ 1.0. For observer G.C. the measurements 
show chromatic detection to extend well into the 
first quadrant (since the pedestal masks the luminance 
mechanism). 

Luminance mechanism measured on the red field. 
Figure 11 provides evidence that we can independently 
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FIGURE 10. Open circles show the original detection contours on 
the red field, and filled circles show thresholds in the presence of a 
luminance pedestal of 6 x threshold--which slightly facilitates red 

detection and masks luminance detection. 

manipulate the luminance mechanism, thus further 
indicating there are separate red-green and luminance 
mechanisms. The open circles show the original 
detection thresholds for the 200 msec flashes. Diamonds 
depict the luminance contour measured with short 
(40msec) flashes. This shorter duration causes the 
luminance threshold (on the 45 ° axis) to rise only 0.4 x .  
The red-green thresholds would be expected to rise 
about 3 x ,  owing to the longer temporal integration 
of the chromatic mechanism (Chaparro et al., 1993; 
Stromeyer et al., 1985), but there was insufficient 
test light to measure chromatic thresholds at this 
brief duration. The triangles depict the luminance 
contour measured with the 200 msec flashes, presented 
on a luminance pedestal of 0.7x threshold, which 
facilitates the luminance mechanism via subthreshold 
summation. 

The two dashed luminance contours have a slope of 
about - 3 ,  indicating that on the red field the L cones 
contribute more strongly to the luminance mechanism 
than do the M cones. This is surprising in light of Eisner 
and MacLeod's (1981) observation that bright 
red adapting fields suppress the L cone input to the 
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luminance mechanism. However, they used 15Hz 
flicker, and Swanson, Pokorny and Smith (1988) remark 
briefly that the L-cone suppression is reduced at 
lower temporal frequencies, supporting the present ob- 
servations. 

DISCUSSION 

Isolation o f  the red-green detection mechanism 

We believe the approximately straight sections of  our 
detection contours, where detection is controlled by an 
equally-weighted difference of L and M cone contrast on 
each colored field, represent the action of  the red-green 
mechanism. Other measurements made on a yellow field 
strongly support  this view. Spatial and temporal sum- 
mation is very different as measured on the - 4 5  ° 
chromatic axis vs + 45 ° luminance axis (Chaparro et al., 
1993). Red and green chromatic flashes can be discrim- 
inated as well as they can be detected (Cole et al., 1990; 
Chaparro  et al., 1994). Suprathreshold flashes lying on 
a line parallel to either the red or green contours 
presumably stimulate only the red-green mechanism for 
the flashes are indiscriminable from each other until of  
sufficient intensity to stimulate a second, luminance 
mechanism (Calkins et al., 1992). On a yellow field, 
Calkins et al. found a range of  red vectors and a range 
of  green vectors which were perfectly discriminable from 
each other (as well as from an incremental luminance 
vec tor - -on  the +45 ° luminance axis), and they showed 
that the green flashes were indistinguishable, as were the 
red. The latter flashes were all at a constant multiple of  
detection threshold. This strongly supports the view that 
separate mechanisms mediate detection of  these different 
categories of  flashes. The present study shows that on a 
red field the chromatic mechanism is less sensitive than 
on a yellow field, but control experiments indicate that 

we have isolated the chromatic mechanism on the red 
field, since the results for chromatic and brightness 
discrimination are similar to those of  Calkins et al. 
obtained on a yellow field. A further clear distinction 
between the red-green mechanism and the luminance 
mechanism is seen in the effect of  the chromatic field 
on threshold sensitivity: changing the field color leaves 
the luminance threshold on the +45 ° axis largely 
unchanged, but the chromatic threshold is strongly 
elevated by reddish fields (cf. Stromeyer et al., 1985, 
1987). 

Related studies 

Krauskopf  and Gegenfurtner (1992) observed that 
equiluminant red-green thresholds were approximately 
constant on 400 td adapting fields of  550--605 nm. Figure 
12 plots their equiluminant thresholds, as well as ours 
for both the dim and bright fields. The thresholds are 
normalized to 1.0 for yellow adapta t ion- - the  abscissa 
represents the adapting field color as in the MacLeod-  
Boynton (1979) chromaticity diagram. Over the field 
range where the two studies overlap, there is relatively 
little variation in threshold. 

This contrasts with the many studies showing that 
equiluminant red-green thresholds rise significantly as 
the field deviates away from yellow in either the green or 
red direction (MacAdam, 1942; Brown & MacAdam,  
1949; LeGrand, 1949; Wyszecki & Fielder, 1971; Boyn- 
ton & Kambe,  1980; Nagy et al., 1987; Romero et al., 
1993). These studies typically employed a small  (2 °) 
bipartite field. The observer either adjusted a knob so the 
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two half fields matched, or the fields automatically 
deviated slowly from a uniform condition until 
the observer was satisfied that the two half fields did not 
match. Such experiments differ in three respects 
from ours and Krauskopf  and Gegenfurtner's. These 
latter experiments employ a large uniform adapting 
field to which the observer is very well adapted; 
the equiluminant test stimulus, defined strictly in 
physical troland units, is presented in the center of the 
field, with well-controlled temporal parameters; and 
performance is pushed to the limit with forced-choice 
procedures. In the other experiments, adaptation may 
be less well controlled (owing to the effect of  eye 
movements with the small field or brief field expo- 
sures), and the thresholds are often measured more 
subjectively. 

Our less subjective methods show little variation of  
the equiluminant thresholds with field color, but from 
this alone we may not conclude that cone-selective 
adaptation has negligible effect on the red-green 
mechanism. When we transform our red-green detection 
contours to the cone con~:rast coordinates, we clearly see 
the roles of  both cone-selective adaptation and second- 
site polarization (Stromeyer et al., 1985). The latter 
occurs at an opponent site (and not within independent 
L and M cone pathways), since the red and green 
contours are displaced symmetrically from the 
origin while maintaining a slope of ~1.0. On the 
red field, for example, green flashes are no more 
detectable than red--whether  they are signaled either by 
L cones or by M cones. After correcting the red and 
green detection contours for the second-site effect, the L 
cone signals and the M cone signals each reveal equival- 
ent, Weberian adaptation over the full illuminance 
range. 

Additional evidence for the two adaptational processes 

Results with a different procedure also provide evi- 
dence for the two adaptational processes. Thornton and 
Pugh (1983) measured thresholds for diffuse, monochro- 
matic incremental flashes on a large bright adapting field 
of  560, 580 or 600 nm. Sperling and Harwerth (1971) and 
King-Smith and Carden (1976) have made similar 
measurements. Figure 13a shows the original Thornton 
and Pugh thresholds measured on a 560 nm (yellow- 
green) and a 600 nm (orange) adapting field. In Fig. 13b 
these same data are transformed to cone contrast coor- 
dinates (points detected by S cones are excluded). The 
points lying furthest from the origin (near the 45 ° axis, 
Fig. 13b) represent test wavelengths which match the 
field wavelength--such a flash is a pure luminance 
increment. These test flashes are detected by the lumi- 
nance mechanism (Calkins et al., 1992), and they corre- 
spond to the points in Fig. 13a that lie deepest within the 
(Sloan) notches. Transforming the data to the cone 
contrast coordinates has distinct advantages over the 
format in Fig. 13a, namely: (1) the red-green contour 
becomes readily apparent, and we see that L and M cone 
contrast contribute equally to the red-green mechanism 
for each field condition, ,;ince a straight line fitted to the 
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diffuse, monochromatic, incremental flashes on a 560 nm (7874 td) 
and a 600 nm (4610 td) adapting field. (b) Same thresholds converted 

to cone contrast coordinates. 

data would have a slope of 1.0; (2) the relative sensitivity 
of the luminance mechanism and red-green mechanism 
is made transparent (threshold vector length on + 45 ° vs 
extrapolated - 4 5  ° axis); and (3) the role of  the second- 
site effect is now clear, as shown by the outward lateral 
shift of the contour on the 600 nm field (in Fig. 13a it is 
completely obscure). For  observer RM, the second-site 
effect grew by a factor of 1.11 and 2.4, respectively, as 
the adapting field was changed from 560 to 580 nm and 
then 600 nm, showing a somewhat larger effect than our 
data in Fig. 5 (lower panel). 

Our results and those of Thornton and Pugh show 
that the red-green detection contour on each colored 
field has a slope of ,,~ 1.0 in the cone contrast coordi- 
nates. This indicates that the L and M cones contribute 
with equal contrast weights in the red-green detection 
mechanism. Approximately equal L and M contrast 
weights have been observed in physiological recordings 
of macaque red-green retinal ganglion cells (Derrington, 
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Krauskopf & Lennie, 1984) and LGN cells (Lee, Martin 
& Valberg, 1989) using a spatially uniform test stimulus 
that strongly affects both the center and surround of the 
receptive field. Measurements were made on white or 
yellow fields, and it would be interesting to see if the 
contrast weights still remain equal on strongly colored 
adapting fields. Recent results by Yeh, Lee and Kremers 
(1995), discussed later, suggest that the weights do 
remain equal. 

The possible sites of  adaptation 

Cone-selective adaptation must occur prior to the 
generation of a spectrally-opponent signal. In cold- 
blooded animals, such as turtle, there is evidence that the 
cone response itself may be spectrally-opponent, owing 
to horizontal feedback onto the cones. Burkhardt (1993) 
argues that this feedback plays little role in promoting 
color opponency, and the predominant mechanism for 
opponency resides beyond the cones. However, J. E. 
Dowling (personal communication) has pointed out that 
opponency at the cone level may be hard to assess, 
because feedback could play a significant role in con- 
trolling cone synaptic events without being seen in 
intracellular recordings from the cone cell body. As yet 
there is little direct evidence for feedback onto cones in 
mammals. Gross potential recordings in primates (van 
Norren & Baron, 1977; Sperling & Mills, 1991) suggest 
there may be some degree of spectral opponency as early 
as the bipolar cells. Cone-selective adaptation would 
presumably occur at the cone outer segment if there is 
significant horizontal feedback onto cones. If there is 
little such feedback and opponency is clearly present at 
the bipolar level, then cone-selective adaptation could be 
explained by adaptation at the cone-midget bipolar 
synapse. 

We will first consider whether part of the cone-selec- 
tive desensitization may be accounted for by early noise, 
either photon-induced or neural. We will then consider 
whether the cones adapt, reviewing physiological and 
psychophysical evidence for such a process. Finally, we 
will consider how the second-site effect may arise. 

Noise. Increasing the intensity of a colored field might 
differentially increase noise within the separate L and M 
cone pathways, thus partly accounting for the cone- 
selective threshold elevation. The noise seen in the 
photocurrent recordings from cones (Schnapf et al., 
1990) increases by only a small (e.g. 80%) amount as the 
mean illumination is raised from dark to 400 td. How- 
ever, a similar change of illumination raises the psycho- 
physical L and M cone threshold by 60-fold (Stiles, 
1961). Thus photoreceptor noise ought to have little 
effect on L and M cone thresholds. Neural noise may 
likewise be expected to have only a minor effect. The 
noise measured in primate retinal ganglion cells is largely 
constant, independent of receptive field size or type, M 
or P, (Croner, Purpura & Kaplan, 1993) and indepen- 
dent of mean adapting level (Reich, Sanchez-Vives, 
Mukherjee & Kaplan, 1994), leading the authors to 
conclude that the major source of the noise is not 
photon-induced but is intrinsic to the cell. Barlow and 

Levick (1969) originally showed that the major limi- 
tation on the reliable detection of contrast in cat retinal 
ganglion cells over a large illuminance range is not the 
noise (which remains almost constant, cf. Derrington & 
Lennie, 1982), but rather an active gain process which 
attenuates the incremental response approximately in 
proportion to the background illumination. Graham 
and Hood (1992) have also questioned whether photon- 
induced noise has a measurable visual effect at photopic 
levels. These studies thus suggest that noise alone likely 
does not account for the very large effects of cone-selec- 
tive desensitization, even if we were to consider corre- 
lations in the noise of an ensemble of cells. We next 
consider whether the cones change their gain with adapt- 
ing level. 

Cone adaptation. The turtle cone has been studied 
most extensively. With increasing mean illumination, 
these cones strongly adapt (Normann & Perlman, 1979) 
and their response speeds up (Baylor & Hodgkin, 1974). 
The changes in the temporal impulse response (Daly & 
Normann, 1985) and temporal MTF (Sneyd & 
Tranchina, 1989) are quite similar to the concomitant 
changes in the human psychophysical MTF for 
uniform-field flicker (Kelly, 1961), thus suggesting that 
cone adaptation may predominantly account for 
changes in the temporal dynamics of human vision 
with adapting level (Daly & Normann, 1985). (See 
Shapley et al., 1993, for discussion.) However, we should 
remark that the psychophysical inferred temporal 
impulse response function may also reflect receptive field 
properties of neurons, since the function varies strongly 
with spatial frequency (Watson & Nachmias, 1977). 

Studies of massed potentials suggest that primate 
cones adapt. Baron and also Boynton (1975) and 
Valeton and van Norren (1983) observed that the 
monkey, foveal local ERG (which reflects cone activity) 
was strongly attenuated by increasing the steady mean 
illumination. The Weber-like change in sensitivity ob- 
served by Valeton and van Norren is likely caused by a 
time-dependent multiplicative gain change (which shifts 
the cone response function laterally along the illumi- 
nance axis) and, to a lesser degree, by response com- 
pression (resulting from a shift of the operating point up 
along the response function owing to increased hyper- 
polarization of the cone response). The gain change is 
presumably time-dependent (as manifested by the re- 
sponse to a non-brief test probe), for there is little 
evidence for static change of gain until high adapting 
levels are reached, as revealed by the 8-msec leading edge 
of the cone a-wave (Hood & Birch, 1993). It has been 
pointed out (Shapley et al., 1993; Hood & Birch, 1993) 
that the change in cone sensitivity observed by Valeton 
and van Norren is somewhat less than is needed to 
explain the psychophysical increment threshold. How- 
ever, Seiple, Holopigian, Greenstein and Hood (1992) 
recently showed a close concurrence between human 
flicker sensitivity (>20 Hz) measured psychophysically 
and the focal ERG. They concluded that most of the 
adaptation-dependent change in sensitivity occurs at 
the cones or cone-bipolar synapse. The lack of cone 
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adaptation seen by Schnapf et al. (1990) in the photocur- 
rent recordings of excised primate cones might reflect an 
altered extracellular milieu (Seiple et al., 1992). Quite 
likely, these measurements would not reveal adaptation 
manifested by a voltage-controlled conductance change 
at the inner segment which may affect presynaptic 
potentials or modify the release of neurotransmitter at 
the cone-bipolar synapse (cf. Walraven, Enroth-Cugell, 
Hood, MacLeod & Schnapf, 1990). 

Recent psychophysical studies on cone adaptation 
"pools" show that the spatial spread of light adaptation 
is confined to a single cone. Cicerone, Hayhoe and 
MacLeod (1990) demonstrated that the spread of bleach- 
ing adaptation with a grating was only 1 cone wide at 
a parafoveal locus, whereas the neural summation was 
5 cones wide, thus placing the site of adaptation at the 
cone itself. MacLeod, 'Williams and Makous (1992) 
concluded that, in the fovea, adaptation was very local 
(1 cone wide) based on the visibility of nonlinear spatial 
beats formed between an interference grating (which was 
well above the spatial resolution limit) and the after- 
image of a similar high-frequency grating. This early site 
of light adaptation obeys Weber's Law at mean levels 
above ~ 100 td, since the deduced nonlinear response 
function (which gives ri:~e to the beats) has the same 
shape when measured with gratings of constant contrast 
at each adapting level (Makous, Williams & MacLeod, 
1995). These studies thus also support the view that 
considerable light adaptation occurs either within single 
cones or at the junction between a single cone and its 
midget bipolar cell (MacLeod et al., 1992). Adaptation 
at such a site could explain our observation of cone- 
selective chromatic adaptation. 

Second-site adaptation. If the L and M cones com- 
pletely adapt, can there remain a color signal to polarize 
the second-site? Imagine that adaptation acted like 
a neutral filter placed selectively over the L and the 
M cones so as to mimic the attenuation of the cone 
signals by the colored adapting field. Then a red field 
might be expected to turn yellow (since the L cones 
would be more filtered than the M cones), and a red 
signal would not be available to polarize the second- 
site. Such a "dark glass" model of adaptation is incon- 
sistent with physiology, lbr adapting fields do not pro- 
duce simply a "static" gain change (Hood & Birch, 
1993). 

The cones may adapt to each increasing mean level, 
producing Weber-like behavior for small incremental 
flashes. This may arise from a combination of gain 
change and weak response compression, but information 
about the mean level is not lost, since the photoreceptor 
becomes increasingly hyperpolarized as the steady 
illumination is raised (Kleinschmidt & Dowling, 1975; 
Normann & Perlman, 1979; Valeton & van Norren, 
1983). This preservation of information about mean 
level further shows the "dark glass" model must be 
wrong. The red field will thus hyperpolarize the L cones 
more than the M cones, and this difference may result in 
a "red" signal for the second-site. The steady field must 
be of long wavelength ( > :580 nm) to produce the second- 

site desensitization, for a yellow (575 nm) retinally- 
stabilized field can be made to appear uniformly red by 
filling-in from an unstabilized red surround, yet this has 
no effect on the chromatic threshold; conversely a long- 
wavelength red field can be made to appear yellow by 
filling-in from a yellow surround, and this likewise has 
no effect on threshold (Nerger, Piantanida & Larimer, 
1993). 

It might be argued that the steady (hyperpolarized) 
cone signals would not penetrate deeper into the visual 
system to polarize the second-site. However, several 
psychophysical studies indicate that steady cone signals 
can propagate to the bipolar cells or beyond. Hayhoe 
(1979) showed that a small-field bleach or stabilized 
image (Hayhoe & Smith, 1989) strongly elevated the 
threshold of a tiny test flash centered on the field, even 
after the stabilized field faded. The persisting cone signal 
may produce desensitization by over-driving the bipolar 
cells, since the ganglion cells would be poorly stimulated 
by steady (retinally-stabilized) fields (Hayhoe, 1979). 
Our second-site effect could also arise at the bipolar 
level, since bipolar cells appear to be spectrally-opponent 
to some degree (van Norren & Baron, 1977; Sperling & 
Mills, 1991). 

Other studies suggest that steady cone signals may 
propagate further than the bipolar cells. DeValois and 
Walraven (1967) showed that a red bleach in one eye 
changed the color of the field seen with the other eye for 
3 min following the bleach, even though the bleach 
after-image itself could only be seen for a brief period, 
since it was retinally stabilized. 

Recently, Yeh et al. (1995) demonstrated clear effects 
of steady chromatic fields on the response of macaque 
red-green ganglion cells. Red and green-yellow 
(,,~ 1100 td) fields were interchanged as infrequently as 
every 21min. Strong, sustained suppression was ob- 
served over the entire period during presentation of the 
field color that inhibited the cell. Suppression could be 
induced through either cone type, e.g. a + M - L  cell 
could be suppressed by decrementing M-cone field 
stimulation or by incrementing L-cone field stimulation. 
The change in sensitivity was highly similar whether 
probed with an L-cone or M-cone test stimulus; the cone 
contrast gain was similar for both L test stimuli and M 
test stimuli. As the authors state, independent adjust- 
ment of L and M cone contrast gain likely occurs before 
an opponent site, whereas the persistent chromatic sup- 
pression reflects activity at an opponent site. 

In conclusion, the colored adapting field may differ- 
ently hyperpolarize the L and M cones, and persisting 
signal from these cones may polarize the second site. 
This difference in cone hyperpolarization is consistent 
with the equivalent Weberian adaptation of the L and M 
c o n e s .  

Unique yellow settings and Weberian adaptation in the 
red-green detection mechanism 

We conclude that the red-green detection mechanism 
shows close adherence to Weber's Law, for L and M 
cone contrast contributed equally to red-green detection 
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on each colored field (providing the adapt ing  field 
was sufficiently intense). Thus  the red-green detection 
con tour  (in cone contras t  coordinates)  has a slope 
o f ~ l . 0 - - p a r a l l e l  to the + 4 5  °, luminance  axis. A 
suprathreshold flash on the luminance  axis appears 
about  the same color as the adapt ing  f ie ld-- the  flash 

matches the field wavelength and  produces only a lumi- 
nance change. 

A h n  and  MacLeod (1993) have used a very different 
technique to assess the degree of  Weber ian  adapta t ion  
of  the L and  M inputs  to the red-green mechanism.  
They set incremental  flashes (a mixture of red and  
green light) to appear  unique  yellow on different 
colored fields. Figure 14 shows some of these results 

t ransformed to cone contras t  coordinates,  so as to 
illustrate the observed shortfall from Weber ian  adap- 

tation.  As the adap ta t ion  field is made more intense, 
the vectors more  closely approach the 45 ° luminance  
axis. The vectors for the most  intense fields represent 
the asymptot ic  approach seen in the similar results 
of  Wal raven  (1981). The vectors never reach the 45 ° 
axis. Wal raven  predicts that  if there is Weber ian  cone 
adap ta t ion  (and the background  is fully discounted),  
then unique  yellow will lie on the 45 ° axis (see his 
Fig. 7). 

Our  results on the red-green detection mechanism 
suggest that  the cones do independent ly  adapt ,  obeying 

Weber ' s  Law, for the con tour  slope is 1.0, parallel to the 
luminance  axis. According to our  view, a suprathreshold 
flash which has no red-green valence relative to the 

adapting f ie ld  represents a pure luminance  flash match-  
ing the field ch roma t i c i t y - -no t  a unique  yellow flash. 

e 

AM/M 

axis 

~LIL 

FIGURE 14. Weberian shortfall for unique yellow settings. Vectors 
above the 45 ° luminance axis represent unique yellow settings on red 
fields; vectors below the axis represent settings on green fields. Relative 
vector length indicates increased adapting illuminance. Even for the 
brightest fields, the vectors fall short of the 45 ° axis. All test stimuli 
were flashed at ~ 50 x threshold. [Low intensity flashes may produce 
greater tilt away from the 45 ° axis, according to Shevell (1978)]. Solid 
vectors from Walraven (1981): adapting field red (640 nm; 100, 3000 
and 10,000td) or green (555nm; 3000td). Dashed vectors from 
Ahn and MacLeod (1993--observer SA): adapting field red (640 nm; 

800 td) or green (530 nm; 800 td). 

Un ique  yellow flashes, which are considerably 
suprathreshold (Shevell, 1978), may lie along an ap- 

proximately straight line that  is tilted o f f  this luminance  
axis. The vectors in Fig. 14 are tilted sufficiently so that  

they will cross the red-green detection con tour  and  thus 
produce a response in this mechanism even though the 
flashes appear  un ique  yellow on the red or green adapt-  
ing fields. Thus on red or green adapt ing  fields un ique  
yellow increments  do not  necessarily reflect a null  for 
the red-green detection mechanism. 
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