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Ahatract-Using a psychophysical method that allows the tracking of very rapid changes in sensitivity,
we demonstrate an anomaly in the time-course of light adaptation for the short-wave mechanism: after
the onset of a yellow (581 nm) field of _ 105.’td the threshold for short-wave targets does not recover
monotonically but continues to rise for several seconds before falling to its equilibrium value. The
phenomenon is absent when the adapting geld bas a wavelength of 511 nm and has been adjusted to give
a similar equilibrium value for the short-wave threshold.
Colour

Transient tritanopia

Short-wave cones

Light adaptation

INTBODUCITON

If the eye is adapted for some minutes to a
bright long-wave field and the field is then
extinguished, the threshold for short-wave targets does not recover according to the normal
time-course of dark adaptation; the threshold
actually rises when the field is extinguished and
only after several seconds does it regain the level
that obtained while the field was present (Stiles,
1949a). This anomaly of the dark adaptation of
the short-wave cone mechanism has been called
“transient tritanopia”. We here report conditions under which the light adaptation of the
short-wave mechanism also follow8 an unusual
course. After the onset of an intense long-wave
adapting field the threshold for short-wave
targets continues to rise, so that 5 set later the
threshold may be more than 10 times higher
than the value measured immediately after the
onset of the field. The threshold passes through
a sharp peak and then recovers towards its
steady-state value. This remarkable phenomenon is illustrated in Fig. 2 of the present paper
and should be contrasted with the classical
course of light adaptation, where the maximal
loss of sensitivity occurs at the onset of the field
and the threshold immediately begins to recover
towards its equilibrium value (Baker, 1949).
Although an unusual psychophysical method
*Present address: Department of Psychology, University of
California at San Diego, La Jolla, CA 92093, U.S.A.

Opponent processes

must be used if precise measurements of the
phenomenon are to be made, our stimulus
condition8 are not novel or complicated ones.
Violet (436nm) test gashes are presented on a
bright yellow (581 nm) fleld. The diameter
(1.54 deg of visual angle) and the duration
(200 msec) of the test flash are chosen to take
advantage of the greater spatial and temporal
integration
of the psychophysically-defined
short-wave cone mechanism (Brindley, 1954;
Krauskopf and Mollon, 1971; Uetsuki and
Ikeda, 1971), and so maximize the sensitivity of
that mechanism relative to the sensitivities of
the middle- and long-wave cone mechanisms.
Under these conditions, sensitivity changes
substantially and non-monotonically during the
first 20 set .of adaptation to the bright yellow
field. Since the rate of change of threshold may
exceed 0.25 log unit per second (Fig. 2), it is not
feasible to track the changing sensitivity by
means of a conventional staircase procedure
(Blough, 1955; Comswect, 1962a) or by a
method of adjustment, such as used by Augenstein and Pugh (1977) to monitor light adaptation on moderately intense yellow fields. .The
step size of a conventional staircase would have
to be very large if the staircase were not to lag
behind the observer’s changing sensitivity; and
large steps would reduce the precision of the
measurements. On the other hand, our purposes
would not be well met by the recycling method
that Crawford (1947) used to monitor the first
second of light adaptation, a method in which
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only one test flash is presented during each cycle
of adaptation and recovery; under our conditions, each cycle of adaptation and recovery
would take many minutes.
We have therefore turned to a method used
by Cornsweet and Teller (1965). We have earlier
called this procedure the “Method of a Thousand Staircases” (Mellon and Polden, 1980). As
in Crawford’s method, the observer is repeatedly exposed to the same sequence of stimulation, but in each exposure to the sequence
(each “pass”), sensitivity is probed at each of a
pre-decided series of times (1, . . . 1,) after the
onset of stimulation; and for each time (ti) a
separate staircase is maintained. Across successive passes (p, . . . p,), the target radiance at t,
on pass p, is varied according to the response
made at 1,on pass pl _ , , so as to converge on an
accurate estimate of the observer’s sensitivity at
1,. We describe below (Methods) the particular
version of this “Method of a Thousand Staircases” that we used in the present experiments.
Our general term for the method is intended to
capture the idea that any number of staircases
may be used; in the present case we used 60.

METHODS

Apparatus
The

measurements
were made with the
Maxwellian-view system described by Mollon
and Polden (1977). A new channel, derived from
a IOOW mercury arc source, was added to
obtain intense short-wave test flashes. The timing and adjustment of stimuli and the recording
of responses were managed by a PDP 1l/O3
computer. The intensity of the test flash could
be rapidly altered by means of a circular
neutral-density wedge mounted on a stepping
motor. Since the range (3 log,, units) of the
wedge was sometimes insufficient, a sliver of
neutral density filter, mounted on a vane, was
programmed to switch into the beam when
more density was required.
A 2-mm artificial pupil was mounted in front
of the observer’s pupil. Head position was maintained with a dental impression.
Stimuli

The standard stimulus configuration is shown
in the inset of Fig. 2. Except where stated, the
test flash subtended 1.54 deg. was delivered to
the centre of the fovea and had a duration of
200 msec. Its wavelength was 436nm-the
Hg

line isolated by means of a Barr and Stroud CS I
interference filter in series with a Wratten 48B
gelatin filter. Fixation was guided by a diamond
array of tiny white points.
The adapting field subtended 6.5 deg and was
concentric with the test flash. The spectral bands
for the 581-nm field, and for the 51 I -nm field
used in Experiment 3. were selected by Barr and
Stroud interference filters type CS2 in series
with gelatin blocking filters. By means of a
monochromator and PIN IO photodiode mounted at the exit pupil. the spectral composition of
each adapting field was measured directly. with
blocking filters and other optical components in
place. Bandwidths at half-height were approximately 15 nm for both adapting wavelengths.
The radiometric outputs of the test and adaptation channels were measured before and after
each session. Our PIN IO photodiode. in combination with its amplifier, had been calibrated
absolutely and spectrally by the National Physical Laboratory six years before the present
experiments; and was recalibrated by the same
Laboratory one year after these experiments
had been completed. The absolute sensitivity at
546.1 nm of the diode/amplifier combination
was found to have remained stable to within
3%; and relative sensitivity was stable to within
1% .
Procedure

In order to monitor the rapid changes of
sensitivity that were of interest in the present
experiments, we used a version of the Method of
a Thousand Staircases (see Introduction). This
version is illustrated in Fig. 1. On 15 separate
passes (p, . . .p15) within one experimental day.
the observer is dark-adapted for 2min and is
then exposed for 2 min to the adapting field, the
interval between passes being at least 15 min.
On each pass, 60 successive target flashes are
presented at 2-see intervals during exposure to
the field, at times r, . . . 1,. Each flash is preceded by a brief warning tone. After each
presentation the observer presses buttons to
indicate whether or not he saw the flash. On the
first pass, pI, all targets are presented at the
same radiance. At the end of each pass. the
observer retires to a normally-lit environment
and after 15 min the computer signals that the
next 2-min pass can be made. On each pass the
stimulus radiance at t, is decreased if the observer detected the target at r, on the previous
pass and is increased if he did not detect it. The
threshold for I, is taken as the average of the
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Fig. 1. An illustration of how the “Method of a Thousand St&casea” was used to obtain the data of
subsequent figures. Individual passes of the experiment (see Methods) are rep-ted
in the present figure
by vertical planes; and within each plane the solid points represent the test radices
presented at digerent
times after the onset of the adapting field. For clarity, the diagram shows only alternate passes, and, within
each pass, only every third presentation. On the first pass, all flashes are presented at the same radiance.
On successive passes the radiance of a given test Sash is adjusted according to the response given at the
corresponding time in the preceding pass; these sequential adjustments for the first and the last of the
staircases are represented by the two solid lines that run transversely through successive planes. The open
circles in the rightmost vertical ptane represent the average thresholds, which are derived from the
responses made on passes 7-15 (see Methods).

radiances visited by the relevant staircase during
the final 7 passes, plus the radiance that would
next have been visited as a result of the response
made on pIs.
The stepsize of the staircase (the factor by
which radiance is altered between successive
passes) is 0.90 log unit between p, and p2, and
is thereafter reduced by 0.15 log unit between
successive passes until it reaches a final value of
0.15 log unit after p6.
In the present experiments the first target
flash of each pass normally began 100 msec after
the onset of the adapting field. An exception
was the set of me~u~ments
made for observer
D.D. (Fig. 2), where the first flash began
1000 msec after onset of the field.

Observers
The observers were male and performed normally on the Farnsworth-Munsell
lOO-hue test
and the Nagel anomaloscope.

RESULTS

Figure 2 shows, for two observers the variation in the threshold for short-wave targets
during the first 2 min of exposure to an intense
yellow (581 nm) adapting field. in the case of
observer AS. the radiance of the field was 10”~”
quantassec-‘.dege2
and in the case of D.D. this
value was lo”.@’ quantamsec-‘+degW2. The ab-
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Fig. 2. The variation of the loglo thruhokf ndiraa for dctaWg viol% (436 nm) targets durittg the first
two minutes of cxpoaurc to an intense yellow (91 nm) adapting hid. In tk caa of obamw AS.. the
ticld had a radimtx of 101’.B quantawz-i~&g-z;
for obmva
D.D., this value was lOi’@
quPnta~occ-~*dep-‘.?bei~(top~t)thowstbestimutur~cioa:theokmrfIutrdthcan~
of tke diamond-shaped array of thation points. For A.S. the first ilnb bopn 1OOnwecafter the onut
of the field; for D.D. this interval was 1ooOmscc. The dru poittta for D.D. arc conctly phc& thoac
for A.S. have been d+laced 1.12 Ig units vutkdy
upwerds.

scissa of Fig. 2 rcptwcnts tk time from the
onset of tk yellow fMd and tk ordinate tuprc~~~~~~~~~f~~*
tcction of tk flash. For both okerwrs, seasitivity to tk violet target vuia~ in tk lly~lt way.
Immediately after the onset of tk fkld tk
threshold is found to have risen approximately

2.5 log,, units above tk absolute thrcshoid
for tk short-wave me&w&n
(tk boiute
tk&&d
QIIl k ro*y
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Fig. 3. Left-hand plot: the time-course of light adaptation for 436-nm targets presented on 581~nm fields. Different symbols represent different radiances of the field, as follows: 0
IO”.“, l 101’“5,A 10”.20,m 10’“~9s,
0 10’“.@,v 10’“-45,0 10’“.M,+ 109.63quanta.sec- ‘.deg-*. (To convert these values to trolands subtract 6.18 from the exponent.) The stimulus
configuration was the same as that shown in the inset of Fig. 2. The first flash always began 1OOmsec after the onset of the adapting field. The solid lines are drawn to indicate
the structure we believe may be present in the data; they have no theoretical significance. Each data point is based on two independent determinations of the threshold, i.e. two sets
of 15 passes (see Methods). Right-hand plot. A t.v.r. (threshold-vs-radiance) function obtained by plotting the asymptotic values of the left-hand curves against the appropriate field
radiance. Each of the plotted points represents the mean of the last six of the thresholds recorded in the corresponding light-adaptation curve. The solid lines represent Stiles’ standard
template, fitted by eye. Observer: J.D.M.
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Fig. 4. The time-course of light adaptation for 436MI tupctc prrreated OII 581-m ficldr. Difearrnt
different mdiancu of the fldd, aa fohwa: . IO”,“, 0 lo-,
m IO”.“. 0 10’“*. A
IO1o-m
quanta-set-‘.dcg-‘.
Details as for kft-hand plot of Fig. 3. Obervcr AS.

symbols repwent

through a peak and only thereafter does it fall
monotonically to its normal equilibrium value.
By their form, the functions of Fig. 2 d
Crawford’s classical demonstration of tbc 108s
of sensitivity that occurs at the onset of an
achromatic adapting !ickl (Crawford,
1!347;
Boynton, 1961). But the present PQenonreaon is
ckarly distinct: the timt-courst of the crau&rd
effect is mauurtd in hundred&s of seconds and’
the maximum loss of scnuitivity occufs for targets presented at the instant of onset of the field,
whereas the present phenomenon has a time-

course m
in seconds and-what
strange-the maximum loss of titivity
oIdy&crtbe6ddhrbculpserantfbr6cvcral
W#ds.

is most
v

(2) Variurion of &id rtadiunce
The timwmmc of Ii&t adaptation for shortWaW tar@8 on loq+We Wds was firat cxamined by stdcs (M49b); and his results were
co&vdandex@&dbyA~nand
Pugh (1977). Neither of theac cartier studies
revealed the rise and fall of sensitivity setn in
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Fig. 2, but in both studies the long-wave field
was of a lower radiance than that used to obtain
the data of Fig. 2.
Figures 3 and 4 show how the time course of
light adaptation for short-wave targets varies as
a function of the radiance of a 58 I-nm adapting
field. It is clear that the initial rise shown in Fig.
2 occurs only when the yellow field is of high
radiance. For our least intense fields, which are
comparable. to the brightest of those used by
Augenstein and Pugh, there is no delayed rise in
threshold following the onset of the field. Thus
our results do not contradict earlier measurements of the light adaptation of the short-wave
cone mechanism. Our data (open squares in Fig.
3 and solid triangles in Fig. 4) confirm that at
least 2 min of light adaptation are required
before the threshold for short-wave targets
reaches equilibrium on yellow fields of the order
of lo4 td (Stiles, 1949b; Augenstein and Pugh,
1977).
The asymptotic thresholds for each field condition have been projected to the right-hand side
of Fig. 3 and are there plotted against field
radiance to form a conventional threshold-vsradiance (t.v.r) function. The latter serves to
place our data in the context of the model of
Stiles (1978). The t.v.r. function has two clear
branches: the lower has the approximate test
and field sensitivities of Stiles’ x, mechanism,
and the upper branch has those of x3. A modem
view is that the two branches do not correspond
to independent receptor systems. Rather, it is
supposed, detection is mediated throughout by
signals originating in the short-wave cones, but
the two branches arise because there are two
ways in which long-wave fields can modulate
our sensitivity to these signals: weak fields act by
polarising
a post-receptoral
chromaticallyopponent site, whereas stronger fields may additionally act by producing a significant rate of
absorptions in the short-wave receptors themselves (Pugh and Mollon, 1979).
The field radiances that produce a delayed
loss of sensitivity are empirically ones that place
the steady-state threshold on the rrj branch, that
is to say, radiances of 10’“.7quantaesec-‘* degm2
(104.” td) or more. We note that these are fields
that bleach significant fractions of the pigment
in the middle- and long-wave cones: under
equilibrium
conditions,
the most intense
field used in the case of J.D.M (1O”.72
quantaasec-’ *degs2) would bleach approximately 95% of the pigment in the middle- and
long-wave cones, whereas the most intense

field

used
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in

the

case of AS (10” 48
would bleach approximately 90% of the pigment (Rushton and
Henry, 1968).
The data of Fig. 3 (left-hand panel) and Fig.
4 have a complex structure that is similar for the
two observers. There are three features that
deserve further comment.
(a) At some stages of recovery the more
intense of two fields may yield the lower
threshold (cf. open diamonds vs solid circles in
Fig. 3, solid circles vs solid squares in Fig. 4).
This finding may be explicable if the empirically
measured threshold is in some way controlled
by the rate of isomerisations in the long- and
middle-wave cones. For there will be a period,
a few seconds after the onset of exposure and
before equilibrium is reached, when the more
intense of two adapting fields is producing fewer
isomerisations in those cones, since a greater
proportion of the pigment molecules will have
already been bleached (Comsweet,
1962b).
Operationally, the cross-over of the recovery
curves contributes to one of the obvious features
of the data-the
clustering of the curves that
occurs around the end of the first minute of light
adaptation.
(b) At some of the intermediate field levels,
the recovery curve exhibits a plateau near the
end of the first minute and then turns downward
again; in the case of both observers this inflexion
is particularly clear for a field of approximately
lO’o.squantaesec-’ *degV2. The plateaux occurring near the end of the first minute are reflected
in the clustering of adaptation curves noted
above (section a). In classical studies of dark
adaptarion, inflexions analogous to those seen
here are associated with a transition between
detection by one receptor system and detection
by a second, but we judge that such an interpretation is implausible here. Under the present
conditions the short-wave cones are likely
to determine threshold throughout recovery.
At a field level of 10’“.s quanta.sec-‘.deg-2
(581 nm) the steady-state threshold for the
middle-wave cones lies at approximately 109.’
quantaasec-‘.dege2
(Stiles, 1978) that is, more
than 2 log units above the intermediate plateau
in the recovery curve. Since the inflexion is
unlikely to reflect a transition between receptor
types, it may instead indicate that there are two
post-receptoral channels, both with short-wave
cone input but with different time constants of
recovery (cf. Sharpe and Mollon, 1982).
(c) A feature of some of the recovery curves

quantaasec-’ .dege2)
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for J.D.M. (Fig. 3) is the minor oscillation of the
threshold between the second and sixth second
of exposure. This secondary oscillation has most
frequently been seen in data obtained from
J.D.M. but in Fig. 3 does not occur for
lOll.?il
field
radiances
of
IO” ”
and
quantassec-‘sdeg-‘).
Since the curves of Fig. 3
are based on only two sets of passes per curve,
we cannot be confident of the secondary oscillations that we have somewhat arbitrarily
picked out with our solid lines. The results of
Experiment 4, which was specificahy directed to
this issue, suggest that the oscillation is real.
(3) Comparison of 511 -nm and 581 -nm jields
Under field conditions that isolate the n,
mechanism of Stiles and yield the same steadystate thresholds, the time course of light adaptation is already known to be dependent on field
wavelength; and it is this observation that provided one of the first indications that the sensitivity of the “short-wave mechanism” can be
modified by signals originating outside the
short-wave cones. Thus, in the case of a shortwave adapting field (< 500 nm) Stiles (1949b)
found that it took only 15 set for the x,
threshoid to recover to twice its final equilibrium value, whereas it took 60 set in the case
of a long-wave adapting light, even though the
two adapting fields were chosen to give the same
threshold for short-wave targets in the steady
state. This difference in recovery times was
confirmed by Augenstein and Pugh (1977).
Stiles wrote in 1949, “It appears in fact that the
process responsible for the delay in the light
adaptation of the ‘blue mechanism’ has associated with it a relative spectral sensitivity curve
which is not that of the ‘blue’ mechanism itself
and which may agree more closely with the
curves of the ‘red’ or ‘green’ mechanisms.” In
1949 Stiles believed that the “coupling” of cone
mechanisms became apparent only when the
retina was in a state of change. It later became
clear that even in the steady state the sensitivity
of the “blue” mechanism was partly controlled
by other classes of receptor (Pugh, 1976; Pugh
and Mollon, 1979; Polden and Mollon, 1980).
The present experiment is in the tradition of
the ex~riments of Stiles (1949b) and Augenstein and Pugh (1977) in that we compare two
fields of different wavelength @) that operationally yield the same steady-state threshold
for targets detected by the short-wave cones;
but our fields are of higher radiance. One field
had a wavelength of 581 nm, as in Experiments

et al

1 and 2. and its radiance
was 1,~”0
quanta.sec-‘.deg-?.
The second field had a
wavelength of 511 nm and a radiance of 10g4<
quanta+sec-‘adee.-‘.
The wavelength 511 nm
was chosen because it appeared unique green to
both subjects under the conditions of the experiment and thus would leave in equilibrium the
putative “blue-yellow” process of Opponent
Colours Theory (Hurvich and Jameson, 1957).
a process that has been taken to correspond to
the channel detecting short-wave signals (Pugh
and Larimer, 1980).
Figure 5 contrasts results for the 58 I -nm and
5ll-nm fields in the case of J.D.M. Consider
first the threshold-vs-radiance (t.v.r.) curves in
the lower right-hand portion of the figure. These
measurements were made in the steady state (i.e.
after a minimum of 2 min of light adaptation).
The data points represent steady-state thresholds for the 436~nm targets on varying radiances
of the 51 I-nm (open circles) and 581-nm (solid
circles) fields. As in the case of the t.v.r. function
shown in Fig. 3, the function for the 581-nm
field has two branches: the lower has the approximate test and field sensitivities of Stiles’
short-wave mechanism zr, and the upper has the
sensitivities of TC?
(Stiles. 1978, Table B). For the
51 I-nm field, as predicted by Stiles’ scheme.
there is only a single branch, which would
correspond to R,: this branch is displaced leftwards by 1.49 log units relative to the 11,branch
for the 581~nm field (this shift is consistent with
Stiles’ tabulated field sensitivities for rt,, which
predict a displacement of 1.50 log unit.)
To obtain the time-courses of light adaptation shown in the left-hand part of Fig. 5. we
made two complete sets of measurements for
each field, in a counterbalanced abba design.
The two fields produce closely similar equilibrium thresholds (arrowed points), but these
final values are reached by strikingly different
routes: when p = 581 nm we observe the strange
anomaly found earlier, but when p = 511 nm
the threshold recovers monotonically and adaptation is complete in 30 sec.
It is important to check that it is only signals
originating in the short-wave receptors that
determine the two sets of thresholds in the
left-hand panel of Fig. 5. Stiles’ tabulated sensitivities suggest that the sready-stare thresholds
for II~, the middle-wave mechanism, would lie at
l@,‘and 10’07quanta~sec~ ‘.deg“in thecaseof
the 511 nm and 581-nm fields respectively. Although these values lie above all the empirically
obtained thresholds of the left-hand panel, we
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Fig. 5. afar-left:

a comparison of effects of 51 I-nm and X%1-nmfields on the time-course of tight adaptation when detection is mediated by the short-wave cones. The open circles
represent thresholds following the onset of a 51 I-nm field, the solid circles the thresholds following the onset of a 581”nm field. The radiances of the fields were 109,‘:’and IO”.”
q~nta-scc-tdy?;-2 respectively (equivalent to 103.tt and 105-‘0td). These radiances were chosen to ensure that the final equilibrium threshold was very nearly the same in the two
cases. The stimuius ~nfi~ration
was as shown in Fig. 2, except that the field wavelength was either 511 or 581 nm. Botfom-rig/n: conventional threshold-vs-radians
(t.v.r.) functions
for 4%nm targets presented on steady fields of either 51 I nm (open circles) or 58 I nm (solid circles). Thresholds were measured by a randomised double-staircase procedure. Each
data point represents the average of two separate determinations. The solid curves drawn through the t.v.r. data are Stiles’ standard template fitted by eye. The open circle marked
with an arrow is the average of the last twelve data points in the left-hand plot for the 5 I I -nm field; the solid circle marked with an arrow is the corresponding average for the 58 I -nm
geld. These two points show the positians of the asymptotic thresholds of the recovery curves (left) when these thresholds are replotted in their rightful places on the t.v.r. curves
(right). Observer: J.D.M.
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Fig. 6. The timecourse of light adaptptioa to 51 I-nm (oyen cirdes) and 581~nm (solid circles) I%& that
produce the same threshold for 436nm targets in study state. Details as for kft-hand panel of Fig. 5.
Obwvcx A.S.

performed a control experiment in which the
wavelength of the test flash was increased to
468 nm. For both field wavelengths, the lightadaptation curves for the 468 run teat fbtah were
displaced vertklly
upwards by 0.15 log unit
without change of form. The spectral sensitivity
of Stiles’ short-wave fundamentals would suggest an upward shift of between 0.25 and 0.26
log unit. whereas any data point determined by
rt4 ought to have moved &wrtwur& by 0.38 log
unit. Thus throughout the course of tba mcovery curves of Fig. 5, detection is hkely to be
mediated by signals ori&tating in the shortwave cones.
Figure 6 shows for observer AS a set of
results similar to those shown in Fig. 5 for
J.D.M. In this case, full t.v.r. curves were not
obtained for the steady state; but on the basis of

preliminary measurements a radiance of 109.”
quanta~sec-‘9 deg-’ was chosen for the 51 I-nm
field in order to give an asymptotic threshold
comparable to that obtained for the Jgl-nm
field. Conditions were tested in a counter~~~~~,~~of~t~
for J.D.M. ‘Ibe nndtr dowIy rrraarbtt tboae for
J.D.M. and show 8 hihdy
st&@_dll[race
in the e&cts of two &ddS th8t have been
cqtuti
for thdir steady-state dkct on the
thmahold for 436nm targets.
(4) zk

&RWtAWyosciik;i&l

In dkusskg
the data of Fig. 3 (0-r
J.D.M.) we noted that some of the curves
exhibit a seco&uy oacikion
during the first
1Osec of adaptation. In order to discover
whether this tic structure can reliably be dem-
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Fig. 7. The time-course of light adaptation for a 436-nm, 0.53-deg target presented on a 581-nm field of
radiance IO”.” quanta.sec-‘-deg-*. The target was centered 1.25 deg to the left of a single fixation point.
8 complete sets of passes were made and the error bars represent f 1 SEM. Note the oscillation of the
threshold during the first IOset of adaptation. Observer: J.D.M.

onstrated,

we ran observer J.D.M. through 8
sets of passes at a field radiance of 1O”.2
quanta*sec-‘*deg-2.
For this experiment, we changed the spatial
parameters of the target. We reasoned that our
large standard
target (1.54 deg, centrally
presented) extended over a morphologically heterogeneous retinal region (Polyak, 1941) and
that any underlying oscillation might vary in its
phase in the different local sub-regions that were
stimulated. Thus the lack of correlation of the
component oscillations might reduce the degree
of modulation observed in the psychophysically

measured thresholds. We therefore reduced the
diameter of the target to 0.53 deg and centered
it 1.25 deg to the left of a single fixation point.
It would thus stimulate a smaller retina1 region,
one that is morphologically more homogeneous
and one where the short-wave cones are thought
to be more evenly distributed (Brindley, 1954;
Sperling, 1980).
The results of this experiment are shown in
Fig. 7, where the solid points represent the mean
thresholds derived from 8 sets of 15 passes, and
the error bar represents + 1 SE of the mean. The
secondary oscillation is large relative to the size
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of the error bars and thus appears to be a
reliable feature of J.D.M.‘s results. It may possibly be echoed in a discernible shoulder on the
falhng flank of the adaptation
curve. Its
relationship to the primary rise and fall of
sensitivity remains unknown.
Another feature of Fig. 7 is worthy of note.
Although the threshold after 100 msec of adaptation and that measured after 120 see are similar to the corresponding values in Fig. 3, the
peak threshold is 1.5 log units higher than the
peak value recorded for the same field radiance
in Fig. 3. If we are right in suspecting that the
peak loss of sensitivity occurs at different times
in different local areas of the fovea (see above),
then we might indeed expect that the empirically
measured psychophysical threshold will exhibit
a greater rise in the case of small targets than in
the case of large. In the case of large targets,
owing to the underlying phase differences, there
will be no instant when the loss of sensitivity is
maximal in all the local regions of the fovea that
are stimulated by the test flash. Alternatively, of
course, our result may simply indicate that the
magnitude of the transient loss of sensitivity is
different in different local regions probed by our
two targets.
DISCUSSION

Our main purpose in this paper has been to
report the mysterious phenomenon of Fig. 2
and to outline the conditions under which it
occurs. But some constraints can already be
placed on possible explanations.
The difference between the effects of 511 and
581-nm fields (Experiment 3) adds to the aecumulated evidence that the light-adaptation of
the psychophysically-defined “blue mechanism”
does not depend simply on a single class of
cones (see e.g. Stiles, 1949b; Mollon and Polden,
1975; Pugh, 1976; Stromeyer et al., 1978; Alpem
and Zwas, 1979; Mollon and Polden, 1979,
Polden and Mollon, 1980; Wisowaty and
Boynton, 1980; Sperling et al., 1983). Individual
cones are thought to obey the Principk of
Univariance (Rushton, t972), that is to say, a
single cone or singIe class of c-oneis unabk to

disting~sh between lights of &ikmmt wmelength that produce the same photon catch in
those cones. If the light-adaptation curves for
511 and 581 nm fields (Figs 5 and 6) were
determined only by the quantum a&has in the
short-wave receptors, then the two thrush&Is
should be the same at all time points and not

only at the asymptotes. However, we have to be
a little cautious in using this argument to cfaim
the anomaly seen with the 58 I-nm field arises
from a post-receptoral interaction. Once we
grant that the steady-state threshold for the
short-wave mechanism can depend on signals
originating in the long- and middle-wave cones
(see above), we have acknowledged that fields
equated to produce the same equilibrium
threshold for short-wave targets may not be
fields that produce the same quantum catch in
the short-wave cones. In fact, our 51 I-nm field
is likely to elevate threshold mainly by altering
sensitivity at a distal site, a site at which sensitivity is determined only by the rate of quantum
catch in the short-wave receptors; and the
581~nm field, on ‘the other hand, is likely to
produce a smaller quantum catch in the shortwave receptors, achieving much of its effect by
polarizing a more proximal, chromatically opponent, site. Nevertheless, although the two
fields are unlikely to be identical in their
first-site effects, it is the 581~nm field that is
likely to yield the smaller quantum catch in the
short-wave cones; and yet it is this field that
produces the anomaly. Thus we may have here
an indication that the anomaly arises from an
interaction
between signals originating
in
different classes of cone.
Evidence pointing in the same direction can
be found in an earlier study by MolIon and
Polden (1980), in which the sensitivity to shortwave targets was monito~d during light adaptation to a field that had both short-wave and
long-wave components. Violet (440~nm) fields in
the range 10q~6-1010~88
quanta. set- ’ edeg-* were
combined with an intense yellow (575~nm)
“auxiliary”
field of fixed radiance (1O”,7
quantavsec-‘edeg-*).
In these more complicated conditions, the time-course of light adaptation is very different from that found here: the
threshold first falls and then &es to a final level
that is higher than its level at the onset of the
field. We only belatedly came upon the anomaly
of the present paper, an anomaly observed when
the “auxiliary” field of Mollon and Polden
(1980) is present alone. But since the addition of
violet light to the field can completely reverse
the direction of change of sensitivity during the
first seconds of exposure, one might suspect that
the new anomaly arises from an antagonistic
interaction between signals originating in the
short-wave receptors and signals deriving from
other classes of receptor. The yellow field may
polarize (and thereby desensitize) a chro-
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matically opponent, postreceptoral, site through
which the short-wave signal must @ss-as
in
the model of Pugh and Mollon (1979).
But some additional assumptions will be
needed to explain why an intense yellow field
has its maximal effect only after 6 sec. For
example, one hypothesis might suppose that (a)
the onset of the yellow field produces a
significant signal from the short-wave cones
themselves and thus the signals deriving from
the middle- and long-wave cones are initially
unable to polarize maximally the opponent site;
(b) the opponent signal derived from the
middle- and long-wave cones remains at a constant, saturated, value for the first six seconds of
exposure; (c) the opponent short-wave signal
wanes during this period. Thus the peak polarization, and the maxims
loss of sensitivity,
will occur when the short-wave signal has waned
and the opposing long-/middle-wave signal has
not yet begun to decline. An alternative hypothesis might place an integrator between the site of
origin of the long-wave signal and the site at
which it interacts with the short-wave pathway;
if the long-wave signal were continuously declining (owing to bleaching), the output of the
integrator would first rise and then fall. Further
experiments will be needed to decide whether
either of these explanations is plausible.
Relationship to other phenomena
The present anomaly of light adaptation recalls the anomalous loss of short-wave sensitivity after the extinction of long-wave adapting
fields (Stiles, 1949a), the phenomenon termed
“transient tritanopia” by Mollon and Polden
(1975). Phenomena analogous to transient tritanopia have been found when red test flashes
are used to monitor recovery from coloured
fields (Mollon and Polden, 1977; Reeves,
198 1a}, or when the observer’s task is to detect
an explicitly chromatic target consisting of an
alternation
between red and yellow lights
(Reeves, 1983) or when the threshold for green
flashes is measured shortly after the transition
between two fields of different colour that yield
the same steady-state threshold (Reeves, 1982).
The new effect (Fig. 2) can be added to this
general family of “dynamic dy~hromatopsias”,
the losses of chromatic sensitivity that occur at
the onset and offset of coloured fields (Mollon,
1982).
The new effect is transient in nature; and, in
that it is a loss of sensitivity of the short-wave
mechanism, it is a tritanopia. How similar it is
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to she transient tritanopia that occurs at the
extinction of long-wave fitlds? There are two
prima facie differences between the transient
tritanopia that occurs at the extinction of fields
and the tritanopia that follows the onset of
fields. In the former case, the loss of sensitivity
is thought to be maximal immediately after
extinction of the field, whereas in the latter case
the loss of sensitivity is maximal only when the
field has been present for several seconds. Secondly, the new phenomenon occurs only for
yellow fields of more than W’td, whereas the
extinction form of transient tritanopia is observed with much weaker fields and, in fact,
declines as the field increases from 10’ to IO6td
(Mollon and Polden, 1976).
~~know~edge~ents-This
work was supported by MRC
Grant G8105832N, and by a NATOSERC Postdoctoral
Fellowship to A. S. We thank R. M. Boynton, C. R.
Cavonius, D. I. A. MacLeod, K. Mullen, L. T. Sharpe,
C. F. Stromeyer and P. W. Trezona for discussion.

REFERENCES
Alpem M. and Zwas F. (1979) The wavelengthvariation of
the directional~n~ti~ty of the Stiles xltit. ?+s@r Res. 19,
1077-1087.
Augenstein E. J. and Pugh E. N. Jr (1977) The dynamics of
the I?, colour mechanism: further evidence for two sites
of adaptation. J. Physiol., Land. 272, 247-281.
Baker H. D. (1949) The course of fovea1 light adaptation
measured by the threshold intensity increment. J. opr.
Sot. Am. 39, 172-179.
Blough D. S. (1955) Method for tracing dark adaptation in
the pigeon. Science, N.Y. 121, 703-704.
Boynton R. M. (1961) Some temporal factors in vision. In
Sensory Communication (Edited by Rosenbhth W. A.),
pp. 739-756, MIT Press, Cambridge, Mass.
Brindley G. S. (1954) The summation areas of human
colour-receptive mechanisms at increment threshold.
J. Physiol., Land. 124, 400408.
Cornsweet T. N. (1962a) The staircase method in psychophysics. Am. J. Psycho/. 75, 485-491.
Cornsweet T. N. (1962b) Changes in the appearance of
stimuli of very high luminance. Ps_vchol. Reu. 69,25?-273.
Comsweet T. N. and Teller D. Y. (1965) Relation of
increment thresholds to brightness and luminance. J. opt.
Sot. Am, 55, 1303-1308.

Crawford B. H. (1947) Visual adaptation in relation to brief
conditioning stimuli. Proc. R. Sot. 1348, 283-302.
Hurvich L. M. and Jameson D. (1957) An opponent-process
theory of color vision, Psychof. Rev. 64, 384-W.
Krauskopf J. and Mellon J. D. (1971) The inde~nden~ of
the temporal integration properties of individual chro.
matic mechanisms in the human eye. J. Physiot., Land.
219, 61 l-623.

Mellon J. D. (1982) Color vision. Ann.

Rev.

Psychol. 33,

41-85.

Mellon J. D. and Polden P. G. (1975) Colour illusion and
evidence for interaction between cone mechanisms.
Nature, Land. 258, 412-422.

650

J. D. MOL.LON

Moilon J. D. and Polden P. G. (1976) Absence of transient

tritanopia after adaptation
Nature.

Lond.

to very intense yellow light.

259, 570-572.

Mellon J. D. and Polden P. G. (1977) An anomaly m the
response of the eye to light of short wavelengths. Phil.
Trans.

R. Sot.

27SB. 207-240.

Mollon

J. D. and Polden P. G. (1979) Post-receptoral
adaptation. Vision Res. 19, 435-440.
Mollon J. D. and Polden P. G. (1980) A curiosity of light
adaptation. Narure. Land. 286, 59-62.
Polden P. G. and Mellon J. D. (1980) Reversed effect of
adapting stimuli on visual sensitivity. Pruc. R. SQC. 2108,
235-272.
Polyak S. L. (1941) The Retina. Univ. of Chicago Press, III.
Pugh E. N. Jr (1976) The nature of the n, colour mechanism
of W. S. Stiles. J. Phystot., Lond. 257, 713-747.
Pugh E. N. Jr and Larimer J. (1980) Test of the identity of
the site of blue/yellow hue cancellation and the site of
chromatic antagonism in the n, pathway. Vision Res. 20,
779-788.

E. N. Jr and Mollon J. D. (1979) A theory of the Kf,
and f?, color mechanisms of Stiles. Vision Res. 19,

Pugh

293-312.

Reeves A. (1981a) Transient desensitization of a red-green
opponent site. Vision Res. 21, 1267-1277.
Reeves A. (1981b) Transient ttitanopia: its abolition at high
intensities. Vision Res. 21, 665-672.
Reeves A. ( 1982) Exchange thresholds for green tests. Vision
Res. 22, 961-966.

Reeves A. (1983) Distinguishing opponent and nonopponent detection pathways in early. dark adaptation.
Vision

Res. 23, 647654.

Rushton W. A. H. (1972) Pigmentx and aignttls in colour
vision. J. Physiot., Lund. 220, l-3lP.

El

cd

R&ton W. A. H. and Henry G. H. (1968) Bleachmg ano
regeneration of cone pigments m man. t ‘isron Rex 8.
617-631.
Sharpe L. T. and Mellon J. D. (1982) Dynamic changes rn
sensitivity to long-wavelength incremental Aashes. in Culour Vision D&iencies
Vi (Documentn
OphIhatmato~ica
Prof. Ser 33) (Edited by Vcrriest G.). pp. 53-59. Junk.
The Hague.
Sperling H. G. (1980) Blue receptor distributton m primates
from intense light and histochemical studies. In Ccduur
Vision Deficiencies
V (Edited by Verriest G.). pp. 304%.
Hilger. Bristol.
Sperling H. G.. Viancour T.. Matheny 3. and Meharg L.
(1983) Blue and green increment-thresholds on a sinewave varying yellow. In Coiour Vision (Edited by Mellon
J. D. and Sharpe L. T.) Academic Press. New York.
Stromeyer C. F. Ill. Kronauer R. E. and Madsen J C.
(1978) Apparent saturation of blue-sensitive cones occurs
at a color-opponent stage. Science, h’.Y. 202, 217-219.
Stiles W. S. (l949a) Increment thresholds and the mechanisms of colour vision. Documenfa Ophfh. 3. 138-163.
Stiles W. S. (I949b) Investigations of the scotopic and
t~chromatic mechanisms of vision by the two-cotour
threshold technique. Rec. d’Opr. 28, 215-237.
Stiles W. S. (1978) Mechanisms of Cotour Vision. Academic
Press. New York.
Uetsuki T. and Ikeda M. (1971) Adaptarion and critical
duration for Stiles R mechanisms. J. opt. Sot. Am. 61,
821-824.
Wisowaty J. and Boynton R. M. (1980) Temporal modulation sensitivity of the blue mechanism: meaatuctnenta
made without chromatic adaptation. VLrion Res. Zo,
895-909.

