
Abstract Photosynthetic performance under dynamic
light regimes was assessed in four different species of trop-
ical shrubs from the family Rubiaceae via field gas ex-
change measurements conducted on Barro Colorado Is-
land, Panamá. Rates of photosynthetic induction and in-
duction loss were assessed throughout the day in both the
wet and dry seasons in order to determine the relative roles
of stomata and biochemistry in limiting photosynthetic
performance under transient light conditions. A high de-
gree of coordination was observed between stomatal con-
ductance and biochemical capacity for CO2 assimilation
during induction. Rates of biochemical and overall photo-
synthetic induction sharply decreased when initial stomatal
conductance fell below a narrow range of critical values.
Time of day or season did not affect rates of biochemical
deactivation upon shading, but did influence stomatal clo-
sure, which often exerted a significant influence over in-
duction loss in the darkness. In measurements of total as-
similation due to a 60-s light pulse, both biochemical activ-
ity and stomatal conductance were linearly related to total
CO2 uptake. Only during the mornings of the wet season
was stomatal conductance consistently high enough to be
non-limiting to dynamic photosynthetic performance. At
all other times, stomatal behavior exercised significant in-
fluence over induction times, photosynthetic induction
loss, and total CO2 uptake from 60-s light pulses.
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Introduction

Photosynthetic responses to changing light intensity are
complex, and involve the interaction of several processes

operating at different time scales (Pearcy 1994). For
plants living in forest understories, utilization of brief
high light sunflecks has been shown to contribute a sig-
nificant percentage of total carbon gain (Pfitsch and 
Pearcy 1989). Plants that are adapted and/or acclimated
to understory life often exhibit an enhanced photosyn-
thetic performance under variable light regimes (Ogren
and Sundin 1996; Valladares et al. 1997). Several studies
have focused on the regulation of key photosynthetic en-
zymes and biochemical pools during light transients 
(Pearcy et al. 1994; Sassenrath-Cole and Pearcy 1994;
Woodrow and Mott 1989), while fewer have focused on
the influence of stomatal behavior. Previous laboratory
investigations have revealed that stomata can exercise
significant influence over photosynthetic induction and
lightfleck use efficiency (Kirschbaum and Pearcy 1988;
Tinoco-Ojanguren and Pearcy 1992; Tinoco-Ojanguren
and Pearcy 1993b), but little is known about the relative
importance of biochemical versus stomatal limitations to
transient photosynthesis under field conditions.

In this study, we measured photosynthetic perfor-
mance during light transients in four species of tropical
shrubs from the family Rubiaceae. Gas exchange mea-
surements were conducted in the field throughout the
day, during both the wet and dry seasons. For each spe-
cies, we measured rates of photosynthetic induction and
induction loss, as well as integrated CO2 uptake in re-
sponse to 60-s pulses of light. Data from the gas ex-
change measurements were then used to analyze photo-
synthetic limitations during induction, induction loss,
and 60-s light pulses, and to partition these limitations
between stomatal and biochemical components.

Materials and methods

Study site and species

All measurements were made on Barro Colorado Island (BCI), a
Smithsonian Tropical Research Institute field station in the Repub-
lic of Panamá (9°9’N, 79°51’W). The forest on BCI is classified
as a tropical moist forest, with a pronounced dry season typically
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lasting from mid December to April (Croat 1978). Mean annual
rainfall is 2600 mm, while median rainfall for the first 13 weeks of
the year is only 84 mm (Windsor 1990). Wet season gas exchange
measurements were made during October and November of 1996.
Dry season measurements were made in January and February of
1997.

Species used for the study were all shrubs, family Rubiaceae,
and included species characteristic of deeply shaded forest under-
story, forest gaps, and open sites. For further information on the
ecology of the species in this study, see Croat (1978), or Mulkey
et al. (1993). Psychotria marginata Sw., and P. limonensis Krause
each completes its full life cycle in the shade of the understory. P.
micrantha H.B.K. is typically found growing in light gaps in the
forest or along trail edges. Isertia haenkeana DC. grows primarily
in open sites, and the individuals used for this study grew around
the margin of the laboratory clearing. All measurements were
made in the field on attached leaves.

Gas exchange measurements

All gas exchange measurements were made in the field with a 
LI-COR portable photosynthesis system (LI-6400, LI-COR, 
Lincoln, Neb., USA). In order to improve the signal-to-noise ratio
of measurements made at the low photosynthetic and transpiration
rates typical of understory plants, the standard leaf chamber was
replaced with a custom-built chamber which enclosed roughly
twice as much leaf surface area (13.2 cm2). The system’s onboard
CO2 mixer was used to keep CO2 partial pressures in the chamber
close to that of the surrounding air when the leaf was fully in-
duced. For induction experiments, this meant that the CO2 partial
pressure in the chamber was 10–25 µbar bar–1 above the ambient
level at the beginning of the induction. Relative humidity in the
chamber was manually controlled and kept within approximately
10% of ambient humidity. For the wet season, this translated to
chamber humidities between 80% and 90%, and for the dry sea-
son, between 70% and 80%. The built-in Peltier units provided
partial temperature control, resulting in leaf temperatures that var-
ied between approximately 28 and 32°C. Light was provided by a
12-V/21-W metal halide arc lamp light source (Welch Allyn
MR16, Skaneateles Falls, N.Y., USA), and the photon flux density
(PFD) was adjusted to the desired level using neutral density fil-
ters.

Leaves used for induction responses were kept covered by
black cloth for at least 6 h prior to beginning the measurements.
Leaves of I. haenkeana and P. micrantha were further shaded with
umbrellas to prevent overheating. The leaves were kept darkened
while being sealed in the chamber, and once stable rates of tran-
spiration and CO2 exchange were observed, automatic data record-
ing was initiated at 2-s intervals. After approximately 20 s of dark-
ness, a manual shutter was opened, and the PFD was increased to
saturating levels (pre-determined from light curves made for each
species). Data was logged at 2-s intervals for the first 5 min, and
every 10 s until the maximum assimilation rate (Amax) was
achieved. Two different measures of induction, previously de-
scribed by Chazdon and Pearcy (1986) and Tang et al. (1994),
were used to compare induction rates among species, seasons, and
times of day. Induction state at 60 s (IS60) is the assimilation rate
60 s after the increase in PFD, expressed as a percentage of a giv-
en leaf’s Amax. Time to 50% induction is the length of time re-
quired to reach 50% of Amax. Time to 90% induction was not used
since afternoon values of Amax were often less than 90% of morn-
ing Amax. The maximum value of Amax measured for a given leaf
and day was used in calculating induction parameters; in almost
all cases, this was the morning value. Steady state A/ci curves
were also measured in the morning for all leaves involved in in-
duction measurements. After a leaf was fully induced, it remained
in the chamber under saturating light for an additional 20–30 min
while A/ci data were collected using an automatic protocol native
to the LI-6400.

Limitations to photosynthetic induction were partitioned into
stomatal and biochemical components using the method of I.E.

Woodrow and K.A. Mott (Tinoco-Ojanguren and Pearcy 1993b;
Woodrow and Mott 1989). Briefly, assimilation rates (A) during
induction were recalculated to a constant ci equal to that at Amax.
At any given time during induction, the relative difference be-
tween this recalculated assimilation rate (A’) and Amax, or
(Amax–A’)/Amax, represents the limitation imposed by incomplete
biochemical activation. Correspondingly, (A’–A)/Amax is the limi-
tation imposed by stomata.

Rates of induction loss were measured by first inducing leaves
with saturating PFD from 12-V quartz halogen projector lamps for
50–60 min. After induction, the leaf was then sealed in the cham-
ber under saturating PFD, and once a steady state was achieved,
values for Amax and maximum gs were recorded. The leaf was then
removed from the chamber and covered with dark cloth for either
20 or 60 min. A few minutes before the end of this dark period,
the leaf was again sealed in the cuvette while exposed to only very
low PFD (<2 µmol m–2 s–1). Automatic data recording at 2-s inter-
vals was initiated 15–20 s before the end of the dark period, at
which time the PFD was increased to saturation and data logging
continued for 90 s. IS60 values were later calculated from the as-
similation rate 60 s after the PFD was increased.

Photosynthetic responses to 60-s saturating lightflecks were in-
vestigated using the red LED light source for the LICOR 6400
(LICOR 6400–02). We relied on the short duration of these mea-
surements to avoid any effects of the absence of blue light on the
stomata. A leaf previously exposed to the natural PFD regime in
the understory was sealed in the cuvette and kept in the dark for
15–20 s until steady rates of transpiration and CO2 exchange were
observed. Automatic data acquisition was then initiated at 2-s in-
tervals, and a 60-s pulse of saturating light was given to the leaf.
Data logging continued for another 45–60 s after the lightfleck
ended in order to record any post illumination CO2 fixation. For
each species, 8–12 leaves were sampled at four different times
throughout the day. These measurements were completed in the
dry season (17–25 February 1997).

Results

Partitioning limitations to photosynthetic induction

Representative limitation analyses are shown in Fig. 1,
which is drawn from two wet season induction time
courses for a leaf of P. marginata. Figure 1a shows a typ-
ical relationship between Amax, A’, and A, for a leaf with
a high initial gs and a morning induction that subsequent-
ly followed an approximately hyperbolic time course to
Amax. In the afternoon, the same leaf began the induction
with a lower gs and followed a slower sigmoidal time
course to reach Amax. Figure 1c,d shows the time course
of biochemical (Lm) and stomatal (Ls) limitations calcu-
lated from the data in Fig. 1a,b. Both the stomatal and
biochemical limitations decrease more slowly in the af-
ternoon than in the morning, and never fully dissipate.

Limitation analyses such as that shown in Fig. 1 were
performed on all wet and dry season measurements from
all four species. In order to condense this information,
the time required for the biochemical limitation to relax
to 50% (time to Lm50) was chosen as an index of the
overall rate of biochemical induction. A comparable val-
ue for stomatal limitation could not be obtained due to a
lack of a consistent pattern in stomatal responses. Initial
gs, measured before induction commenced, was instead
chosen as an index of potential stomatal limitation dur-
ing induction. For both I. haenkeana (Fig. 2a) and P.
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marginata (Fig. 2b), as initial gs decreased, time to Lm50
remained low for a wide range of conductances and then
increased sharply over a fairly small range of initial gs.
The data sets shown in Fig. 2 were fit with an exponen-
tial decay equation using the curve fit function in Sigma-
Plot (SPSS software, Chicago, Ill., USA). Plots of initial
gs versus time to Lm50 for P. limonensis and P. micra-
ntha showed similar patterns, and the parameters derived
for the curve fits for each of the four species are given 
in Table 1. The time to Lm50 was linearly related to 
time to 50% of Amax over the entire range of values ob-
served for both I. haenkeana (Fig. 3a) and P. marginata
(Fig. 3b), and plots of intial gs versus time to 50% of
Amax were therefore similar to the plots shown in Fig. 2
(see also Allen and Pearcy, 1999). A linear relationship
between these two quantities was also seen in the corre-
sponding plots for P. limonensis and P. micrantha
(Table 1).

Analysis of biochemical and stomatal influences 
on induction loss

The photosynthetic induction state of leaves that were
fully induced and then darkened under black cloth de-
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Fig. 1 Examples of a,c morning and b,d afternoon limitation
analysis for a leaf of Psychotria marginata. Prior to measurement,
leaves were kept completely darkened for at least 6 h. a,b Time
courses for CO2 assimilation rate (closed circles), assimilation rate
corrected to the ci calculated at Amax (open circles), and Amax (solid
lines). c,d Corresponding graphs of limitation time courses, with
closed circles representing biochemical limitation, and open cir-
cles representing stomatal limitation. For visual clarity, only every
fourth data point collected is shown

Fig. 2 Relationship between stomatal conductance at the start of
photosynthetic induction and time to Lm50 for leaves of a Isertia
haenkeana, and b P. marginata. Open symbols represent data col-
lected during the wet season (both morning and afternoon), and
closed symbols are dry season values (morning and afternoon). All
leaves were kept darkened for at least 6 h prior to the start of in-
duction measurements

Fig. 3 Relationship between time to 50% of Amax and time to
Lm50 for leaves of a I. haenkeana, and b P. marginata. Open sym-
bols represent data collected during the wet season (both morning
and afternoon), and closed symbols are dry season values (morn-
ing and afternoon). All leaves were kept darkened for at least 6 h
prior to the start of induction measurements



creased with time, due to both down-regulation of photo-
synthetic enzyme activities and stomatal closure. This is
manifested as different values of IS60 and gs depending
on the time in darkness and the conditions of the experi-
ment. When data from different times of day and seasons
were combined, a family of curves resulted, each curve
representing a different time in darkness (Fig. 4). In gen-
eral, the lower values of gs and IS60 in each of the four

treatments are from afternoon and/or dry season observa-
tions (see Fig. 4 legend for more detail). This pattern
suggests that stomata exert a stronger influence on pho-
tosynthetic induction loss in the afternoon and during the
dry season. In the interest of visual clarity, data points on
Fig. 4 are not differentiated by season and time of day.
However, the points showing the highest values for gs
were invariably from wet season mornings. Leaves that
were darkened longer typically had a lower IS60 for a
given gs, indicating a greater loss of biochemical activa-
tion due to the longer dark period.

Although Fig. 4a,b are qualitatively similar, some dif-
ferences in the patterns of induction loss are evident
when comparing I. haenkeana (Fig. 4a) and P. marginata
(Fig. 4b). For both the 20- and 60-min darkness treat-
ment, P. marginata leaves showed a higher maximum
IS60 than did I. haenkeana leaves, an observation which
indicates that the relative rate of photosynthetic enzyme
deactivation in darkness is slower for P. marginata than
for I. haenkeana. Patterns of induction loss in P. lim-
onensis and P. micrantha were qualitatively similar and
quantitatively intermediate to those of P. marginata and
I. haenkeana (data not shown).

482

Table 1 Equations and r2

values describing the relation-
ships between: time to 50% of
Amax and time to Lm50, initial
gs and time to Lm50, gs and
CO2 uptake from a 60-s pulse,
and biochemical activation
state and CO2 uptake from a
60-s pulse, for each of the four
species studied

Species Equation r2

x=Time to 50% of Amax (s); y=time to Lm50 (s)
Psychotria marginata y=40.45+0.69x 0.89
P. limonensis y=37.55+0.67x 0.78
P. micrantha y=61.95+0.76x 0.93
Isertia haenkeana y=64.75+0.79x 0.97

x=gs (mol H2O m–2s–1); y=CO2 uptake from a 60-s pulse (µmol CO2 m–2)
P. marginata y=32.90+2870x 0.86
P. limonensis y=70.02+1970x 0.60
P. micrantha y=55.72+4910x 0.89
I. haenkeana y=101.20+3370x 0.83

x=Biochemical activation state (%); y=CO2 uptake from a 60-s pulse (µmol CO2 m–2)
P. marginata y=-0.74+245.45x 0.88
P. limonensis y=22.84+255.76x 0.79
P. micrantha y=41.94+451.29x 0.89
I. haenkeana y=66.56+695.21x 0.90

x=Initial gs (mol H2O m–2 s–1); y=time to Lm50 (s)
P. marginata y=217.0+13112e–383x 0.75
P. limonensis y=213.6+4672e–272x 0.52
P. micrantha y=211.7+441e–41x 0.51
I. haenkeana y=190.3+583e–23x 0.49

Fig. 4 Relationship between stomatal conductance (gs) and photo-
synthetic induction state 60 s into a high-light transient (IS60) for
leaves of a I. haenkeana, and b P. marginata which were pre-treat-
ed in four different ways. Closed circles represent leaves from the
dry season which were left uncovered prior to measurements.
Open circles represent leaves that were fully induced and then
shaded with black cloth for 20 min prior to measurement, and
closed triangles are leaves that were fully induced and then cov-
ered for 60 min. Open triangles represent leaves that were covered
with black cloth for at least 6 h prior to measurement. For the
treatment represented by the closed circles, the lower values of gs
typically occurred later in the day (see Figs. 5, 6 for an example of
the daily pattern). For the other three treatments, half of each set
was collected during the wet season (this half includes all of the
highest gs values recorded), and the other half during the dry sea-
son



Limitations to photosynthetic performance during 60-s
light pulses

The integral CO2 assimilation resulting from a 60-s light
fleck was strongly dependent on both stomatal conduc-
tance and the level of biochemical activation exhibited
by the leaf at the time of the light pulse (Figs. 5, 6). Total
integrated CO2 assimilation was linearly related to gs
(Fig. 5). Since stomatal conductance did not change dur-
ing the short measurement period of the 60-s pulse mea-
surements, it is reported as simply gs, rather than “initial
gs.” Biochemical activation state was calculated as the
ratio of the slope of an A/ci curve that would pass
through the measured photosynthetic rate and ci at the
end of the light fleck to the slope of the steady-state A/ci
curve. This measure revealed that the total integrated
CO2 assimilation by a leaf during a light fleck was also
linearly related to the activation state of the leaf’s bio-
chemical machinery (Fig. 6). Although Figs. 5 and 6
show only data from P. marginata, the data collected 
for each species exhibit similar linear relationships 
(Table 1).

Discussion

After a transition from shade to high light, photosynthet-
ic induction proceeds as the result of several processes,
operating at different time scales. Much of the previous
work published in this area has suggested that biochemi-
cal activation typically exhibits a time constant of 
4–5 min, and is essentially complete within the first
10–12 min of photosynthetic induction (Pearcy 1990;
Woodrow and Mott 1989). Further increases in photo-
synthetic rate after 10–12 min have generally been cred-
ited solely to subsequent increases in stomatal conduc-
tance (Pearcy et al. 1994; Tinoco-Ojanguren and Pearcy
1993a). In contrast, the results of this study indicate that
rates of biochemical activation and stomatal opening are
highly coordinated, and that complete induction of the
biochemistry is potentially much slower than the typical-
ly reported times of 10–12 min. Figure 3 illustrates this
variability in biochemical induction times; time to Lm50
is not a fixed quantity, but varies linearly with overall
time to 50% of Amax across the entire range of induction
times observed. The relationship between rates of bio-
chemical activation and stomatal conductance can be
seen in Fig. 2. Time to Lm50 is at a minimum for a wide
range of initial stomatal conductances, but then increases
sharply with decreasing initial stomatal conductance
once initial gs falls below a fairly narrow range of criti-
cal values. The critical value of gs increases along an in-
creasing light gradient, with I. haenkeana showing the
highest value for critical gs, and P. marginata the lowest
(Table 1). However, when these critical values for gs are
divided by that species’ maximum gs, the resulting ratio
does not vary in a systematic way (Data not shown), sug-
gesting that the relationship between this critical value of
gs and a species’ maximum gs may be consistent among
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Fig. 5 Relationship between stomatal conductance (gs) and total
CO2 uptake due to a 60-s pulse of light for leaves of P. marginata.
Different symbols and shades represent measurements made dur-
ing four different time periods throughout the day as follows: open
circles between 0900 and 1015 hours, lighter diamonds between
1025 and 1145 hours, darker squares from 1415 to 1530 hours,
and filled triangles from 1540 to 1700 hours. All measurements
were made during the dry season on 17 and 28 February 1997 us-
ing leaves which were previously exposed to the natural light re-
gime

Fig. 6 Relationship between biochemical activation and total CO2
uptake due to a 60-s pulse of light for leaves of P. marginata. Data
shown here are from the same set of measurements used in Fig. 5.
Symbols and shades represent measurements made during four dif-
ferent time periods as in Fig. 5



species. In the cases where initially low stomatal con-
ductances result in a slow relaxation of stomatal limita-
tion to induction, biochemical induction time is appar-
ently slowed down to match. A similar relationship has
previously been observed between initial gs and time to
90% of Amax (Valladares et al. 1997), and between initial
gs and time to 50% of Amax (Allen and Pearcy, 1999).

Limitation analysis of this kind depends on an accu-
rate estimation of intercellular CO2 concentration (ci),
and previous theoretical and experimental work has
demonstrated that heterogeneous stomatal behavior (sto-
matal patchiness) may lead to erroneous calculations of
ci (Buckley et al. 1997; Laisk 1983; Mott 1995; Van Kra-
alingen 1990). To address this issue, we conducted a par-
allel field investigation into the occurrence and effects of
stomatal heterogeneity during induction, utilizing chlo-
rophyll fluorescence imaging in conjunction with gas ex-
change measurements (M.T. Allen, R.W. Pearcy, T.N.
Buckley, and K.A. Mott,unpublished work). Stomatal
patchiness was common during photosynthetic induc-
tion, and quantitative analysis of the fluorescence images
suggested that the observed heterogeneity was capable of
generating significant errors in the calculation of ci.
However, the time required to reach Lm50 was seen to be
quite insensitive to the effects of stomatal patchiness,
even in cases where patchiness led to significant errors
in gas-exchange-based estimates of overall biochemical
activation time.

Mott and Woodrow (1993) observed a strong depen-
dence of Rubisco activation time on intercellular CO2
concentration, and Pearcy et al. (1994) suggested that this
CO2 dependence may function to coordinate Rubisco ac-
tivation with stomatal opening during transient photosyn-
thesis. Coordination of this kind is consistent with the re-
sults of this study as well as with previously reported ob-
servations that photosynthetic induction often proceeds 
at a relatively constant ci (Chazdon and Pearcy 1986; 
Pearcy et al. 1985; Zipperlen and Press 1997). In a multi-
species study of photosynthetic responses to variable
light, Ogren and Sundin (1996) reported rates of bio-
chemical activation which appeared to vary with rates of
stomatal opening, although they did not provide informa-
tion about initial stomatal conductances in their summary
table. Tinoco-Ojanguren and Pearcy (1993b) reported
slower time constants for changes in mesophyll conduc-
tance during the first 2–10 min of induction in leaves that
were subjected to a high vapour pressure deficit (VPD),
and thus exhibited reduced initial stomatal conductance.
Although Tinoco-Ojanguren and Pearcy (1993b) suggest-
ed that these apparent differences in biochemical activa-
tion times might be an artefact of stomatal heterogeneity,
the observed effects of VPD could have instead been due
to actual changes in the rates of biochemical induction re-
sulting from stomatal influence over ci.

Loss of induction state is the result of both biochemi-
cal deactivation and stomatal closure. Previous studies
have shown that Rubisco activation is typically a hys-
teretic process with slower times for loss than for 
gain of activation (Sassenrath-Cole and Pearcy 1994;

Woodrow and Mott 1989). Stomatal dynamics under
variable light regimes has been the subject of a number
of studies, and the nature of the stomatal response to
light transients has been shown to depend on many fac-
tors, including: VPD (Tinoco-Ojanguren and Pearcy
1993a), growth form (Knapp and Smith 1989), and water
stress (Knapp and Smith 1988). For the species in this
study, stomatal behavior was influenced by both time of
day and season. Compared with wet season mornings, gs
for a given species and treatment tended to be lower dur-
ing the dry season as well as during the afternoon of the
wet season (see also Allen and Pearcy, 1999). Rates of
biochemical induction loss were not affected by season
or time of day, as demonstrated by the fact that for a giv-
en darkness treatment all observations followed a consis-
tent relationship between stomatal conductance and IS60
(Fig. 4). Figure 4 also illustrates the fact that leaves of
both understory and high light species maintain a higher
state of biochemical induction if left under their natural
light regimes than if fully induced and then darkened for
20 min. As noted above, the observations of leaves under
natural light regimes were only performed in the dry sea-
son. Based on the extremely high stomatal conductances
often observed during wet season mornings, even in
leaves which have been kept in the dark, this tight rela-
tionship between gs and IS60 for uncovered leaves might
be expected to break down during wet season mornings.
After 20 min in the dark, leaves of P. marginata main-
tained a higher maximum IS60 than did leaves of I. hae-
nkeana, indicating that the relative rate of biochemical
deactivation was slower for P. marginata. Also evident
from Fig. 4 is the relatively slow decrease in biochemi-
cal activation over time. After 60 min under black cloth,
the leaves of both P. marginata and I. haenkeana showed
higher levels of biochemical activation than did com-
pletely uninduced leaves (at least 6 h dark pretreatment),
with P. marginata again exhibiting a slower relative rate
of biochemical induction loss. These findings are consis-
tent with the results of previous studies which showed
that rates of Rubisco deactivation often differ based on
species and treatment (Ernstsen et al. 1997; Pearcy
1990). Taken as a whole, the results presented in Fig. 4
suggest that rates of induction loss will be primarily
driven by rates of biochemical deactivation only if sto-
matal conductance in the shade remains very high. Ob-
servations in the afternoon at all times of the year, or
during the morning in the dry season generally fall in a
region where stomatal conductance is low enough to ex-
ercise significant control over IS60.

Dry season measurements of photosynthetic response
to 60-s light pulses revealed a striking degree of coordi-
nation between stomatal and biochemical regulation.
Over the entire range of stomatal conductances observed,
CO2 uptake due to a 60-s pulse of light varied linearly
with gs (Fig. 5). At the same time, total CO2 uptake was
also linearly related to the biochemical activation state of
the leaf during the 60-s pulse (Fig. 6). The data present-
ed in these two figures are, however, not entirely inde-
pendent. In other words, a leaf that exhibited both a high
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stomatal conductance and a high integrated assimilation
of CO2 in response to a 60-s light pulse must also show a
high biochemical activation state. However, it is not in-
evitable that stomatal conductance and biochemical ac-
tivity co-vary. For example, it would be possible for a
leaf to exhibit a high gs and a low biochemcial activation
state; a condition that would result in a low integrated
assimilation of CO2 in response to a 60-s pulse. Such a
combination of high gs with a low biochemical activation
state, or high biochemical activity with low gs was never
observed. Throughout the day, stomatal conductance and
biochemical activation state co-varied, presumably in re-
sponse to the constantly changing light intensities in the
understory. Such coordination may be important to pho-
tosynthetic performance under fluctuating light. In a case
where Rubisco remained active while the stomata closed,
a light fleck could result in considerable photorespiratory
losses as the ci was rapidly drawn down and the RuBP
pool was depleted as the result of the oxygenase activity
of Rubisco. If, on the other hand, Rubisco activity co-
varied with stomatal opening, a transition to high light
would not result in as large a decrease in ci, thus prevent-
ing a large carbon flow to photorespiration during the
time required for the biochemistry and stomata to induce
in tandem.

Although difficult to completely quantify, the stoma-
tal behavior of the plants in this study clearly has consid-
erable influence over their photosynthetic responses to
transient light. For completely uninduced leaves, a
threshold relationship was seen between initial gs and the
time required for 50% of complete light activation of
photosynthetic biochemistry (Fig. 2). Initially low sto-
matal conductances also led to slower rates of overall
photosynthetic induction (see also Allen and Pearcy, in
press), resulting in tight coordination between biochemi-
cal activation time and overall photosynthetic induction
time (Fig. 3). The data shown in Figs. 2 and 3 are from
leaves that were kept completely darkened prior to mea-
surements. Covering the leaves in this way was done in
order to standardize the protocol for plants in both high
light and understory environments, and it should be not-
ed that this level of biochemical inactivation would be
unlikely during daylight hours among unmanipulated
leaves. In leaves that were left exposed to natural light
fluctuations, the activation state of leaf biochemistry and
stomatal conductance tended to co-vary, resulting in a
linear relationship between stomatal conductance and
dynamic photosynthetic performance (Fig. 5). During the
mornings of the wet season, all species maintained con-
tinuously high stomatal conductances (even when kept in
the dark), and dynamic photosynthetic performance was
determined primarily by biochemical limitations. At all
other times, however, stomatal conductance had an im-
portant influence on induction times, rates of induction
loss, and photosynthetic response to 60-s light pulses.
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