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Stomata of many plants have circadian rhythms in responsive-
ness to environmental cues as well as circadian rhythms in aperture.
Stomatal responses to red light and blue light are mediated by
photosynthetic photoreceptors; responses to blue light are addi-
tionally controlled by a specific blue-light photoreceptor. This
paper describes circadian rhythmic aspects of stomatal responsive-
ness to red and blue light in Vicia faba. Plants were exposed to a
repeated light:dark regime of 1.5:2.5 h for a total of 48 h, and
because the plants could not entrain to this short light:dark cycle,
circadian rhythms were able to “free run” as if in continuous light.
The rhythm in the stomatal conductance established during the
1.5-h light periods was caused both by a rhythm in sensitivity to
light and by a rhythm in the stomatal conductance established
during the preceding 2.5-h dark periods. Both rhythms peaked
during the middle of the subjective day. Although the stomatal
response to blue light is greater than the response to red light at
all times of day, there was no discernible difference in period,
phase, or amplitude of the rhythm in sensitivity to the two light
qualities. We observed no circadian rhythmicity in net carbon
assimilation with the 1.5:2.5 h light regime for either red or blue
light. In continuous white light, small rhythmic changes in photo-
synthetic assimilation were observed, but at relatively high light
levels, and these appeared to be attributable largely to changes in
internal CO, availability governed by stomatal conductance.

Stomata in plants control the critical tradeoff between
beneficial uptake of CO, for photosynthesis and normally
detrimental water loss through transpiration. Stomatal open-
ing is finely controlled by environmental stimuli such as light
(Sharkey and Ogawa, 1987; Zeiger et al., 1987; Zeiger, 1990),
humidity (Schulze et al., 1987; Grantz, 1990), and CO,
concentration (Morison, 1987). Photocontrol of stomata is
governed by at least two photoreceptor systems: RL and BL
both stimulate opening via photosynthetic photoreceptors,
whereas BL also stimulates opening via a specific, as yet
unidentified, BL photoreceptor.

There is considerable evidence for the existence of these
two photoreceptor systems based on differences in the pho-
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tobiology of the responses to RL and BL. For example, the
action spectrum for light-stimulated stomatal opening does
not resemble that of photosynthesis: the action peak in the
blue is much larger than that in the red, suggesting that
another pigment operates in the blue region of the spectrum
and confers additional sensitivity to BL (Sharkey and
Raschke, 1981; Karlsson, 1986). Stomata are more sensitive
to low levels of BL than RL, the maximum extent of opening
is greater under saturating BL than under saturating RL, and
the stomata in most species are sensitive to short pulses of
BL but not RL (Sharkey and Ogawa, 1987; Zeiger et al., 1987;
Zeiger, 1990). Furthermore, BL will cause additional stomatal
opening when given over a background of saturating RL
irradiation (Ogawa et al., 1978).

The presence of two photoreceptor systems controlling
stomatal opening has engendered speculation about the func-
tions of, and interactions between, the two systems. Although
both photoreceptor systems could work together much of the
time, the BL response might predominate under certain cir-
cumstances because of its greater sensitivity to low light levels
and to short irradiations. More specifically, the realization
that the BL system in stomata is likely to be saturated during
most of the day has given rise to the suggestion that the BL
system might be important as a signal for the detection of
daybreak (Zeiger et al., 1981), and the sensitivity of the BL
system to short pulses of light has suggested that perhaps
stomatal opening during sunflecks might be predominantly
a BL response (Zeiger and Field, 1982; Zeiger, 1990).

In addition to their responsiveness to exogenous, environ-
mental stimuli, stomata also are governed by an endogenous,
circadian clock (Meidner and Mansfield, 1968; Gorton, 1990).
Stomatal rhythmicity has been observed in whole leaves (see
below), in functionally isolated guard cells (Gorton et al.,
1989b), and possibly in guard cell protoplasts isolated at
different times of day (Dodge et al., 1992). There are two
interrelated types of rhythmicity exhibited by stomata. The
first type is a simple rhythmicity in the degree of opening
(aperture). The opening and closing occurs about every 24 h
and persists under constant environmental conditions, caus-
ing the stomatal rhythm to “free run.” The second type is a
rhythmic responsiveness in the rapidity and magnitude of

Abbreviations: A, net carbon assimilation; BL, blue light; Ci,
intercellular CO, concentration; DD, constant darkness; 8, stomatal
conductance; LD, light-dark; LL, constant light; RL, red light; WL,
white light.
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response to environmental cues such as light, with maximum
responsiveness occurring about every 24 h under constant
conditions. Rhythmicity in opening is probably linked to
rhythmicity in responsiveness because the same cellular
mechanisms are likely to be involved. The chain of events
involved in stomatal responsiveness to some environmental
cue might be summarized as follows: the cue is perceived, a
biochemical signal or chain of signals is generated, the water
potential of the guard cells is altered, water enters or leaves
the guard cells, and finally, the pore opens or closes. A
rhythm in opening reflects a rhythm in water potential of the
guard cells (Stalfelt, 1967), and, therefore, a response to an
environmental cue would presumably be earlier at least by
the amount of time required to generate that change in water
potential.

Rhythmicity in Aperture

Many species show free-running rhythmicity in stomatal
aperture either in LL or DD, although the rhythms generally
damp more quickly under DD than under LL. Such rhythms
have been studied microscopically (Stalfelt, 1963; Gorton et
al,, 1989a, 1989b) or as changes in transpiration rate or
stomatal conductance (g) (Heath and Mansfield, 1962; Pallas
et al., 1974; Holmes and Klein, 1986; Nixon et al., 1987;
Deitzer and Frosch, 1990). The period of the rhythm varies
with species from about 22 h (Vicia [Stalfelt, 1963]) to about
26 h (Arachis [Pallas et al., 1974]; Avena [Brogardh and
Johnsson, 1975)). Like all true circadian rhythms, the phase
of observed rhythms in stomatal aperture can be reset by
light (Mansfield and Heath, 1961, 1963, 1964; Holmes and
Klein, 1986; Deitzer and Frosch, 1990) and it is temperature
compensated, i.e. the period does not change much with
changes in temperature (Gorton et al., 1989b).

A rhythm in A frequently occurs in phase with a rhythm
in stomatal aperture. The periodicity in A may be attributed
to periodicity in g, which controls availability of CO,, but
rhythmicity in nonstomatal factors may also contribute (Pal-
las et al., 1974; Lonergan, 1981; Deitzer and Frosch, 1990;
Fredeen et al., 1991; Hennessey and Field, 1991). It is often
difficult to distinguish between these two possibilities.

Rhythmicity in Responsiveness to Light

Stomata typically open most quickly in response to light
early in the day phase of the rhythm and close more quickly
in response to darkness during the night phase of the rhythm
(Darwin, 1898). Since Darwin’s report, rhythms in stomatal
sensitivity to light have been found in many genera including
Musa (Brun, 1962), Vicia (Kana and Miller, 1977), Xanthium
(Mansfield and Heath, 1963, 1964), Glycine (Mansfield,
1963), Arachis (Pallas et al., 1974), Pelargonium (Scarth and
Shaw, 1951), and Tradescantia (Martin and Meidner, 1971).
All these reports concern stomatal responsiveness to WL. In
some, the rhythm was demonstrated by using repeated, short
LD cycles {(Martin and Meidner, 1971; Pallas et al., 1974);
when the length of the circadian day is much different from
the length of the LD cycle, the circadian clock cannot entrain
and circadian rhythms free-run (Tribukait, 1956; Aschoff,
1978). In others, rhythmicity was suggested by experiments
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in which the length of the dark period was varied before the
lights-on signal. Stomata opened slowly in response to light
given after a short, dark period, when the plants are still in
early- or mid-subjective night, but opened more rapidly in
response to light given after a longer, dark period, when the
plants neared or entered the subjective day of their circadian
cycle (Brun, 1962; Mansfield, 1963; Mansfield and Heath,
1963; Kana and Miller, 1977).

If, as the evidence suggests, stomata are sensitive to light
perceived by two different photoreceptor systems, and if
there is a rhythm in sensitivity of stomata to light, several
questions arise. Is there a rhythm in sensitivity both to RL
perceived by photosynthetic pigments and to BL perceived
by a specific BL photoreceptor? If so, are the rhythms of
similar magnitude? Are they normally in phase? In this study
we address these questions using Vicia faba, in which rhythms
in aperture (Stalfelt, 1963; Gorton et al., 1989b) have been
established, and rhythms in sensitivity to WL (Kana and
Miller, 1977) have been suggested. We use gas-exchange
methods to monitor A and g simultaneously.

MATERIALS AND METHODS

All experiments were performed at Harvard University.

Plant Material

Three-week-old seedlings of Vicia faba were grown in a
soilless potting mix (Metromix 500; W.R. Grace, Inc., Cam-
bridge, MA) in a plant-growth chamber on a 10-h light:14-h
dark regime. The lights were mixed fluorescent (Sylvania
F72T12/CW/VHO) and incandescent (General Electric 67W
M/CL) and provided 140 to 150 pmol m™ s™' PAR at the
growing surface. Temperature was maintained at 21°C dur-

ing the light period and 20°C at night.

Gas-Exchange Measurements

Plants were removed from the growth chamber 30 min to
1 h before the lights came on in the chamber, and the
youngest fully expanded leaf was allowed to equilibrate in
the dark in the gas-exchange cuvette for the remainder of the
plant’s normal dark period. We used an open gas-exchange
system operating in differential mode (Field et al., 1991) for
measurements of A, g, and related parameters. The system
(Armstrong Enterprises, Inc., Sunnyvale, CA) employed a
dewpoint condenser to control humidity of incoming air, two
dewpoint hygrometers (Dew-10; General Eastern, Woburn,
MA) to measure humidity before and after the chamber, and
a differential IRGA (Li-Cor 6252, Li-Cor, Inc., Lincoln, NE)
to determine the difference in CO; concentration before and
after the chamber. Leaf temperature was 21°C and leaf area
was about 15 em?. CO, concentration in the incoming dry air
was 350 pL/L, giving ambient CO, concentrations between
335 and 350 pL/L during experiments. Vapor pressure dif-
ference was set initially at 1.2 kPa. Boundary layer conduct-
ance was about 2.5 mol m™ s,

Light Measurements

All measurements of photon fluence rate were made with
a quantum sensor from Li-Cor.



Rhythmic Stomatal Responses to Light 401

Experimental Conditions and Lighting

Experiments investigating rhythmicity in sensitivity to BL
or RL were done using a short LD cycle of 1.5-h light:2.5-h
dark. This LD cycle of 4 h total duration was repeated
continuously for the duration of each experiment, normally
47 h. The plant (except for the leaf in the cuvette) was kept
in normal laboratory conditions, about 23°C with 10 pmol
m2s™" fluorescent room light, and these conditions remained
reasonably constant (within 5%) for the duration of the
experiments. During the first 1.5 h of each 4-h cycle, the leaf
in the cuvette received light (140-145 pmol m™ s7") from
above supplied by two incandescent bulbs (General Electric
75W EYF) and passed through a hot mirror and appropriate
color filters: red, dichroic filter with less than 1% transmit-
tance below 475 nm plus one layer of orange plastic (Cine-
moid 5A); blue, dichroic filter with maximum transmittance
between 390 and 480 nm and less than 1% transmittance
between 540 and 750 nm. The hot mirror and dichroic filters
were from Optical Coating Laboratory (Santa Rosa, CA).
Layers of window screen or Kimwipe were employed as
neutral-density filters when necessary.

For experiments with continuous WL, the hot mirror was
used with neutral-density filters to give the desired photon
fluence rate.

RESULTS
Stomatal Responsiveness to BL and RL

Stomatal conductance showed circadian rhythmicity in
responsiveness to BL (Fig. 1a) and to RL (Fig. 2a); g estab-
lished during the 1.5-h light periods given during the subjec-
tive day was greater than g established during the 1.5-h light
periods given during the subjective night. A similar effect is
observed for g established during the 2.5-h dark periods. For
neither BL nor RL was there rhythmicity in A (Figs. 1b and
2b), although for both Ci decreased during each 1.5-h light
period as CO, was assimilated, and it decreased less during
the subjective day than during the subjective night (Figs. 1c
and 2¢). There was some variability between replicates in the
phase of the rhythm, but in all cases, for both BL and RL,
the first peak in g occurred during either the second light
period (lights on h 4 to h 5.5) or third light period (lights on
h 8 toh 9.5).

In the experiments represented in Figure 1, stomatal re-
sponsiveness to BL is a composite of the responses mediated
by photosynthetic pigments and by the BL photoreceptor.
One way to separate these two responses to BL is to saturate
the photosynthetic response with RL, then give additional BL
to promote stomatal opening that cannot be attributed to the
photosynthetic pigments (Ogawa et al., 1978). This approach
did not work with our system; even subsaturating RL (1000
umol m™? s7") given for 48 h caused some necrosis of the
leaf, presumably because plants were acclimated to the light
levels of their growth conditions. To accomplish the same
goal, we calculated the difference between the average re-
sponse to BL and that to RL; because the response to BL
represents responses mediated by both the BL photoreceptor
and the photosynthetic pigments, whereas the response to
RL is mediated only by photosynthetic pigments, the differ-

ence between these two responses should give an estimate
of that portion of the BL response attributable specifically to
the BL photoreceptor. In confirmation of this approach, O,
evolution by isolated guard cell chloroplasts did not differ
significantly under BL versus RL (W.-h. Wu and S.M. Ass-
mann, unpublished observation), indicating that the increase
in g in BL versus RL shown here results from the additional
contribution of the specific BL photoreceptor.

Average stomatal responses to BL and to RL and the
difference between these are shown in Figure 3. Peaks in g
during the first d are obvious for the average responses to
both BL and RL, and one can discern a small peak in g in the
second d for both (Fig. 3, a and b), but because of variability
in rhythmic phase between experiments, rhythmicity is less
distinct in the average curves than for any of the individual
experiments. The difference between the BL and RL re-
sponses, which represents the response attributable to the BL
photoreceptor, shows a peak during the 1st subjective day,
but not during the 2nd subjective day (Fig. 3c). It is possible
that the rhythm in responsiveness to BL damps more rapidly
than the rhythm in responsiveness to RL, but it is more likely
that variability between individual experiments may have
obscured the second peak in Figure 3c. The g established
during the 2.5-h dark periods should theoretically be the
same for both BL and RL experiments, so the closed symbols
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Figure 1. Changes in g (a), A (b), and Ci (c) under cycling BL (1.5 h
at 140 pmol m™2 s7") and dark (2.5 h). Leaf temperature was 21°C.
The beginning of the first 1.5-h light period coincided with the
beginning of the photoperiod in the growth chamber from which
the plant was taken; this is h 0 on the abscissa. The alternate light
and dark areas on the abscissa represent the repeated 1.5-h
light:2.5-h dark cycle. Data are from a single leaf, representative of
three replicate experiments.
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Figure 2. Changes in g (a), A (b), and Ci (c) under cycling RL (1.5 h
at 140 umol m™2 s7") and dark (2.5 h). Other conditions as in
Figure 1.

in Figure 3c should be at g = 0 mmol m™ s™". Deviation from
this value is an indication of differences between plants used
in the two sets of experiments.

The rhythmicity observed in the g established by 1.5 h of
BL or RL has two additive components: first, during the
subjective day, stomata open more in response to light than
during the subjective night, and second, the g established
during the dark periods changes such that stomatal opening
in response to light begins with a greater initial g during the
subjective day (Figs. 1a, 2a, 3, a and b). Thus, in Table I we
compare the amplitude both in the overall rhythm with BL
and with RL (first two columns of data) and in the respon-
siveness to BL and to RL (second two columns of data). Data
given are for three replicate experiments done with BL
(BL#1-3) and with RL (RL#1-3); average values for replicate
experiments (mean BL and mean RL) are also shown. The
extent of opening under BL is greater than under RL, and the
difference between opening established during the subjective
day and during the subjective night is also usually greater
under BL than under RL (Table I, first column). If this
difference is expressed as a percentage of the g established
during the subjective day, these differences largely disappear
(Table I, second column). Similarly, the responsiveness of g
to BL is greater than for RL (Figs. 1a and 2a), and the
difference in this responsiveness between subjective day and
subjective night is also correspondingly greater (Table I, third
column). Again, when this difference is expressed as a per-
centage of the responsiveness during the day, differences
between BL and RL largely disappear (Table I, fourth
column).
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The BL response analyzed in Table I should be a composite
of responses mediated by photosynthetic pigments and by a
specific BL. photoreceptor. An analysis of rhythmicity ex-
pressed in Figure 3c should give an estimate of the rhythmic-
ity in the response mediated specifically by the BL photcre-
ceptor, but it may be an underestimate of rhythmic amplitude
because of the rhythm-flattening effects of phase variability
between experiments. For comparison with Table I, the rhyth-
micity in responsiveness shown in Figure 3¢ shows about a
39% difference between subjective day and subjective night.

Rhythms in Continuous WL

The experiments described above demonstrated a clear
rhythm in stomatal responsiveness to BL and RL, but no
corresponding rhythm in A. Even though stomates were more
open during the subjective day than during the subjective
night and there was a corresponding change in Ci, A was
essentially unchanged. Rhythms in A under constant WL
have frequently been observed in other species, and one
possible explanation for our finding was that it might some-
how be an artifact of the unusual nature of the light regime
used, cycling at 1.5-h light:2.5-h dark. Therefore, we con-
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Figure 3. Average changes in stomatal conductance for three ex-
periments conducted as in Figure 1 with BL (a), and for three
experiments conducted as in Figure 2 with RL (b). For each exper-
iment, five consecutive values at the peak of conductance for each
4-h LD cycle were averaged together to give a single value, and
these values from three experiments were averaged together and
represented by the open symbols in a and b. Similarly, poirts at
the trough of conductance in each 4-h LD cycle are averaged and
represented by the closed symbols in a and b. ¢, Difference be-
tween the BL response in a and the RL response in b.
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Table I. Summary of conductance results for three BL (BL #1-3) and three RL (RL #1-3) experiments
like those represented by Figures 1 and 2

g:, Conductance established during a 1.5-h light period; gp, conductance established during a 2.5-
h dark period. g, gy ~ 81 nignt, @absolute, The difference between the maximum conductance value in
the light during the subjective day and the conductance value in the light during the subjective night.
8L day — 81 nights Yo G1, day €XPreEsses this same difference as a percentage of the maximum conductance
value in the light during the subjective day. (g, — gp) is the difference between g, and the average
of the gp values on either side. (8, — 8o)y — (81 — 80)miend, @bsolute, The difference in light stimulation
of conductance during the subjective day and subjective night. (g, — golaay — (8t — 8o)nignd), % (81 —
go)aay is this same difference expressed as a percentage of the light-stimulated conductance during
the subjective day. Each value of g is the average of the five consecutive values at the peak in the
light (for g;) or trough in the dark {for gp), normally the five values immediately before a change in
light. Hence, g; is normally determined from the average of five g values just before the light is
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turned off and gp from the average of five g values just before the light is turned on.

Overall Rhythmicity

Rhythmicity in Responsiveness

Expt. 8t day — B night 8t day ™ Bt night ((8: — 8p)aay — (81 — 8n)right) ((8. — g)aay = (81 — BD)night)
absolute % 8L day absolute % (8. — 80)day
mmol m=2 ™" mmol m=2 s~
BL #1 53 33% 50 42%
BL #2 23 22% 34 40%
BL #3 56 34% 42 34%
Mean BL 44 30% 42 39%
sD 18 7% 8 4%
SE 10 4% 5 2%
RL #1 11 22% 13 43%
RL #2 37 33% 31 41%
RL #3 34 37% 15 54%
Mean RL 28 31% 20 46%
sD 14 8% 10 7%
SE 8 4% 6 4%

ducted a series of experiments with constant WL at different
photon fluence rates (Fig. 4). At low light levels (e.g. Fig. 4,
a—c), there was a rhythimn in g without a corresponding rhythm
in A, just as we observed with the experiments using cycling
at 1.5-h light:2.5-h dark regime. A small first peak in A was
often observed, but no second increase in A corresponding
to the second increase in g. With increasing light, the extent
of stomatal opening was greater, the amplitude of the rhyth-
micity in ¢ was correspondingly greater, and the rhythmicity
in A increased, but in no case was this rhythm in A very
large.

Another possible explanation for the lack of rhythmicity in
A was that, at low light levels, the levels of Ci established
might be saturating or nearly so. Therefore, we tested the
effect of different levels of Ci on photosynthesis during both
the subjective day and the subjective night under different
light conditions: BL, RL, and WL at the level used for the
experiments represented by Figures 1, 2, and 4, a to ¢ (140
pmol m™2 s7!), and WL at the higher level used in the
experiment represented by Fig. 4, j to 1 (770 umol m™? s77),
Ci values were chosen to cover the range observed in the
previous experiments. Only under the highest light condition
was there much change in A, with changes in Ci between
about 200 and 300 uL/L during either the subjective day or
subjective night. In the experiment represented in Figure 5,
the ACi curves obtained during the subjective day and sub-
jective night were nearly superimposable. In a replicate ex-

periment, the ACi curve obtained during the subjective night
for 770 umol m™? s WL was slightly lower (less than 1 pmol
m™?s7! at all points) than that obtained during the subjective

day.

DISCUSSION

In most previous work (but not all; Deitzer and Frosch,
1990), circadian rhythms in A accompany rhythmic changes
in g and are attributed partly to stomatal factors (differences
in Ci caused by changes in g) and partly to nonstomatal
factors (Pallas et al., 1974; Fredeen et al., 1991; Hennessey
and Field, 1991). In the present experiments on Vicia, circa-
dian changes in A were observed only at high light levels,
much higher than the light conditions under which the plants
were grown. Under lower light levels, the small changes in
Ci that resulted from rhythmic changes in g did not affect
changes in A. It is interesting that under these conditions
there was no evidence for any rhythmic change in A derived
from nonstomatal factors. A rhythmic change in A associated
with nonstomatal factors would also be evidenced by a
change in the ACi curves between subjective day and subjec-
tive night. A change such as that observed in Phaseolus, with
lower A during the subjective night than during the subjec-
tive day (Fredeen et al., 1991; Hennessey and Field, 1991),
would suggest a lower ACi curve during the subjective night.
We observed a slight change of this sort in one experiment
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Figure 4. Changesin g (a, d, g, j), A (b, e, h, k), and Ci (c, f, i, I) under continuous WL at 140 gmol m~2 57" (a-c), 260
pgmol m™? s7' {d-f), 400 umol m™2 s (g-i), or 770 umol m™2 s~ (j-I). Other conditions as in Figure 1.

for 770 umol m™ s™' WL, but usually ACi curves were

virtually unchanged between subjective day and subjective
night (Fig. 5). Existing data suggest, then, that in Vicia circa-
dian rhythms in A are small and predominantly stomatal in
origin, whereas in Phaseolus they are much more robust and
both stomatal and nonstomatal factors appear to be impor-
tant. Differences in growth conditions or measurement tech-
niques employed in different laboratories, as well as intrinsic
differences between species, may all contribute to this differ-
ence in photosynthetic rhythmicity.

Within the resolution of the techniques used here, there
were no significant differences in either phase or amplitude
between circadian rhythms in overall stomatal opening under
cycling at 1.5-h RL:2.5-h dark and those under cycling at
1.5-h BL:2.5-h dark (Figs. 1 and 2; Table I, second column).
Nor were there significant differences in either phase or
amplitude of circadian rhythms in responsiveness to BL and
RL (Figs. 1 and 2; Table I, fourth column). The time of
maximum responsiveness to either BL or RL was in the middle
of the subjective day, as was the time of maximal § under
constant WL. This is in contrast to earlier work with Vicia by
Kana and Miller (1977), who used microscopic techniques to
study the effect of the length of the dark period on the rate
of stomatal opening in subsequent WL. They found that the
maximum rate of opening was at the end of the plants’
normal dark period, whether the plants were grown under
L:D photoperiods of 8:16, 12:12, or 16:8 h. In addition, they
saw no further increase in the rate of opening if the plants
were held in the dark for an additional 4 h after the end of
the normal dark period. The plants were grown under qual-
itatively similar conditions in both studies; it is likely that the
different measurement and irradiation techniques explain the
different results.

One growth parameter that should be considered when
interpreting these and related results is light level. The Vicia
plants used in these experiments were grown in a growth
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Figure 5. ACi curves for different light conditions taken during the
subjective day (a) and during the subjective night (b). O, BL at 140
gmol m™2 s7"; M, RL at 140 umol m~2s™"; A, WL at 140 pmol m™2
s7'; A, WL at 770 pmol m™2 s7'. All data were collected during 4.5
h during the middle of the subjective day or subjective night.



Rhythmic Stomatal Responses to Light 405

chamber at relatively low light, which could lead to changes
in the development of stomatal photoreceptor systems (Ass-
mann, 1992; Assmann et al., 1992). Nevertheless, the differ-
ences in responses to BL and RL reported here are similar to
results from many species grown under a variety of condi-
tions (Sharkey and Raschke, 1981; Zeiger et al., 1981, 1983;
Sharkey and Ogawa, 1987): whereas A established under RL
was similar to that established under BL, g was almost twice
as high under BL (Figs. 1-3). Although chamber-grown and
field-grown plants will have many differences, both appear
to have distinct stomatal responses to RL and BL (e.g. Ass-
mann et al., 1992). Plants adapted to high light intensities
would be more likely to withstand the continuous, saturating
RL necessary for dual-beam experiments (lino et al., 1985;
Zeiger et al,, 1985). Such experiments would be a valuable
additional test of our conclusions about circadian rhythmic
responses to BL.

Two of the main functions of circadian rhythmicity are to
provide temporal coordination of the multitude of biochem-
ical and physiological processes within an organism and to
assure that these events are properly timed with respect to
the daily environmental cycle. In nyctinastic plants, for ex-
ample, circadian rhythmicity in membrane channel activity,
H* pumping, and ion transport must be properly coordinated
with each other in two distinct pulvinar regions to bring
about leaf opening, and they must occur at the proper time
of day to effect opening during the day and closure at night
(Lee, 1990; Moran, 1990). In mammals, a host of endocrine,
cytological, and physiological changes occur daily, each peak-
ing at a different time (Moore-Ede et al., 1982). Normally,
the timing of a rhythm makes functional sense: circadian
control of stomatal aperture causes opening during the sub-
jective day, when photosynthesis normally would occur, not
during the subjective night. The observation that rhythms in
sensitivity to BL and RL both peak at about the middle of the
subjective day suggests that these two stomatal light re-
sponses might normally have their main function at that
time, when natural light level normally peaks and demand
for CO, would be greatest. This observation would argue,
albeit in a speculative way, against a role of the BL response
strictly at dawn (Zeiger et al., 1981), but it is consistent with
a role of the BL response in controlling stomatal opening
during sunflecks (Zeiger and Field, 1982; Zeiger, 1990).
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