
Abstract Poplars (Populus spp.) have a particular peti-
ole morphology that enhances leaf flutter even in light
winds. Previous studies have shown that this trait 
enhances whole canopy carbon gain through changes in
the temporal dynamics and spatial distribution of light in
the lower canopy. However, less is known about the 
effects of flutter for leaves at the top of the canopy (“sun
leaves”). A computer simulation model was developed
that uses latitude, time of day, day of year, azimuth and a
slope component, which was varied at a 3 Hz frequency
over an arc of rotation to create the flutter motion, and
generate data on light interception for both surfaces of a
fixed or fluttering leaf. The light files generated (10 Hz)
were input into a dynamic model of photosynthesis to 
estimate the carbon gain for both fluttering and fixed
leaves. As compared to leaves fixed at various angles
and azimuths, fluttering leaves had a more uniform light
interception. Depending on their angle and azimuth,
fixed leaves may not always be intercepting high photon
flux density (PFD) even when exposed to full sun. Leaf
flutter continuously randomizes leaf angles creating uni-
form PFD inputs for photosynthetic reactions regardless
of variation in leaf orientation and solar position. These
effects on light interception could have positive impacts
on carbon gain for leaves at the top of the canopy.
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Introduction

Leaves at the top of a canopy are often assumed to be 
experiencing high radiation loads and are commonly re-
ferred to as “sun leaves” (Boardman 1977; Björkman
1981). Although these leaves may not be affected by

canopy shading, they can experience temporally dynam-
ic light environments due to diurnal fluctuations in solar
position (Myneni and Impens 1985), cloud movement
(Knapp and Smith 1987) as well as leaf and/or canopy
motion (Norman and Tanner 1969; Desjardins et al.
1973; Tang et al. 1988; Roden and Pearcy 1993a). The
transient characteristics of light interception created by
leaf movement may be related to the aerodynamic and
biomechanical properties of leaves, petioles and stems
(Norman and Tanner 1969; Finnigan 1985; Pearcy
1990). Aspen (Populus tremuloides Michx.) leaves are
particularly influenced by wind since they possess a flat-
tened, non-rigid petiole oriented perpendicular to the
blade creating the characteristic leaf flutter habit (Niklas
1991).

Previous studies (Lakso and Barnes 1978; Hongliang
and Hipps 1991; Roden and Pearcy 1993a) have demon-
strated that leaf flutter modifies the dynamic and spatial
distribution of light in the lower canopy. Flutter increases
light penetration into the lower canopy while modifying
the number and duration of sunflecks any understory leaf
might receive (Roden and Pearcy 1993a). Flutter creates
an understory light environment that is more dynamic
temporally and more evenly distributed spatially. Flutter
enhances lower canopy carbon gain since understory
poplar leaves are very efficient at photosynthetic utiliza-
tion of rapidly fluctuating sunflecks (Roden and Pearcy
1993b).

Although it has been demonstrated that leaf flutter 
influences lower canopy light environments, little is
known regarding the light interception of individual 
fluttering leaves. Roden and Pearcy (1993a) postulated
that reductions in light interception by fluttering leaves
at the top of a canopy would not significantly influence
upper canopy carbon gain. The photon flux density
(PFD) intercepted by fluttering “sun leaves” may still be
sufficient to saturate the photosynthetic apparatus. Even
if the mean PFD intercepted is below light saturation,
leaves exposed to rapidly fluctuating light environments
may fix nearly as much carbon as leaves in constant high
PFD due to post-illumination CO2 fixation (Roden and
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Pearcy 1993b). However, these ideas have previously
been untested.

Light sensors attached to both surfaces of fluttering
and fixed sun leaves demonstrate that light interception
can rapidly fluctuate between the upper and lower sur-
face (Roden and Pearcy 1993a). However, even the
smallest photodiodes available tend to inhibit the flutter
motion and would provide only a snapshot in time for
one particular leaf orientation. Therefore, modeling this
problem seemed tractable and appropriate since it allows
testing of many different leaf orientations, solar positions
and flutter characteristics. The light interception of 
individual fluttering leaves can be estimated from physi-
cal relationships and well-established assumptions of 
diurnal and seasonal variation in solar constants and 
atmospheric transmission. In addition, the complexity of
light dynamics created by canopies and clouds that have
to be considered if light interception is directly mea-
sured, can be ignored in a computer simulation.

With the development of dynamic models that esti-
mate photosynthetic rates from high frequency PFD inputs
(Pearcy et al. 1997), carbon gain can be estimated for 
individual fluttering leaves. This study attempts to deter-
mine if flutter significantly modifies the carbon gain of
poplar leaves exposed to full sun. The hypothesis tested
is that individual fluttering leaves exposed to full sun
will possess comparable photosynthetic rates to leaves
fixed in position.

Model description – equations for light interception

The simulations were divided into two major compo-
nents: (1) a light interception model and (2) a photosyn-
thesis model.

Light interception model

The goal of the light interception model was to estimate
the cosine of the angle between the solar beam and a line
normal to the blade (θ) also known as the cosine correc-
tion (Fig. 1). The equation is given by (Jones 1986),

(1)

where the symbols λ, η, δ, α and χ represent latitude,
time of day as an hour angle, day of year (solar declina-
tion), azimuth orientation, and a slope component (leaf
angle) respectively. Leaf azimuth angle is the deviation,
in radians, from true north of a line normal to the petiole/
mid-vein axis. Solar declination is the seasonal change in
maximum solar elevation calculated from the day of year
(Jones 1986). The incident light normal to the solar
beam was then calculated using the solar constant above

the atmosphere (1,360 W m–2), an estimate of the trans-
mission coefficient for a relatively clear atmosphere
(0.8), and solar elevation (Jones 1986). The incident
light was converted to photosynthetically active radiation
in molar flux units (µmole photons m–2 s–1) assuming a
typical solar spectrum and multiplied by the cosine 
correction (cosθ, Eq. 1) to estimate incident PFD for any
leaf angle and position. This model applies only to light
interception of individual leaves without canopy shading
(by neighbors), or atmospheric effects (cloud cover or
changes in humidity and/or particulates).

Fixed leaves maintain the same “slope” (leaf angle, χ)
throughout the day. For a fluttering leaf, the slope angle
was modified to generate a twisting motion along a fixed
petiole/mid-vein axis (Fig. 1). The blade travels through
an arc of rotation (φ) and then returns to the initial leaf
angle. The arc of rotation can be varied to test different
flutter motions, however, the default was 140°, which
was estimated from canopy observations and slow motion
photography of aspen leaves in a wind tunnel. The mo-
tion was simulated with a sin wave since it adequately
models the deceleration and acceleration of a leaf blade
as it approaches and departs from the point at which it
changes direction.

Calculations were made at a frequency of 50 Hz with
the slope component changing directions (every 17th
calculation) to simulate a 3 Hz frequency in leaf flutter
with a slight offset to avoid aliasing. Roden and Pearcy
(1993a) determined that aspen leaves flutter at a frequen-
cy of 3 Hz from spectral analysis of sunfleck dynamics
in the understory. However, it must be noted that this
analysis does not relate to the frequency of return to the
blade’s original position, but the number of times the
leaf was at any particular angle. Over any complete 
flutter cycle the same leaf angle will occur twice, once 
in both the forward and return direction. From an engi-
neering standpoint, aspen leaves flutter at approximately
1.5 Hz.

When aspen leaves flutter, not only does the leaf angle
change, but so also does the azimuth angle. A number of
tests were run to also determine the simultaneous effect
of changing azimuth direction (simulated using a sin
wave function, at variable frequencies) as well as leaf
angle. These were compared to runs using fixed azimuth
angles as described above.

The light interception was calculated for both the 
abaxial and adaxial surface of the leaf. The side of the
leaf that does not receive direct beam radiation was 
assumed to be receiving diffuse light. Diffuse light was
estimated from solar elevation and the incident radiation
on a horizontal surface at any time,

(2)

where β is solar elevation (estimated from λ, δ, and η,
Jones 1986).
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Photosynthesis model

For these experiments photosynthesis was most appro-
priately estimated using a dynamic model. The bioche-
mical components of the photosynthetic apparatus 
respond to changes in PFD at time scales ranging from
tenths of seconds to minutes. To my knowledge, there
are no gas exchange systems that utilize a cuvette that
would allow a leaf to flutter and thus adequately test
these questions. Fortunately, Pearcy et al. (1997) have
developed a robust model that receives 10 Hz light data
and provides detailed output of numerous photosynthetic
parameters. Their dynamic model (for C3 plants) is a
modification of the Farquhar-von Caemmerer-Berry
model (Farquhar et al. 1980) that includes pool sizes of
metabolites, light activation and deactivation of PCR-
cycle enzymes, and a dynamic model of stomatal con-
ductance. This model has been shown to accurately 
predict the measured total carbon assimilation of leaves
exposed to natural and artificial lightfleck regimes
whereas steady-state solutions were off by as much as
50% (Pearcy et al. 1997).

Materials and methods

Testing and parameterization

The dynamic model of photosynthesis (Pearcy et al. 1997) was 
parameterized to match known photosynthetic responses of aspen
leaves to steady state and dynamic light environments. Measure-
ments of photosynthetic gas exchange were performed with both
a transportable system as describe in Roden and Pearcy (1993b;
see also Pfitsch and Pearcy 1989) and an open, fast-response 
laboratory gas exchange system that utilizes a small chamber 
volume and high flow rates (described in Sassenrath-Cole and 
Pearcy 1992) suitable for studying responses to fast light tran-
sients. Although, a detailed analysis of steady-state and dynamic
gas exchange characteristics of aspen will not be presented here
(see Roden and Pearcy 1993b) those data were used to parameter-

ize the photosynthesis model. The Appendix contains a list of 
parameters used in that model.

One additional gas exchange experiment was performed to 
determine if flashing light on both sides of a leaf modifies its 
carbon gain as compared to light from one side only. A special
double-sided cuvette was designed (R.W. Pearcy, University of
California, Davis) that exposed the leaf to light from both the 
abaxial and adaxial side. It has been observed using steady state
gas exchange systems (Roden, unpublished data) that the abaxial
surfaces of aspen leaves have similar photosynthetic capacities to
adaxial surfaces. However, the question for leaf flutter was wheth-
er an alteration of light exposure between both surfaces could be
modeled as exposure on a single surface. Photosynthetic gas ex-
change was measured on aspen leaves exposed to either a constant
PFD of 1,800 µmol m–2 s–1 on each surface or illumination alter-
nating between abaxial and adaxial surfaces at a frequency of 0.2,
1 and 5 Hz.

Output and analysis

The output of the light interception model (10 Hz light data for an
entire day) was input into the dynamic model of photosynthesis.
The photosynthesis model requires only one light file per leaf as
input so the interception of the upper and lower surfaces were
compared and the higher value was stored. It may be more realis-
tic to add the PFD intercepted for both leaf surfaces, however the
light response of carbon gain (used to parameterize the photosyn-
thesis model) was measured using gas exchange systems that 
measured light on one surface only. For example, if the light inter-
cepted on both surfaces were added when the leaf was parallel to
the solar beam (twice diffuse), then a much higher photosynthetic
rate would be predicted than actually measured under low light
conditions.

Although the output for the dynamic model (Pearcy et al.
1997) includes many variables such as RuBP pool size, Rubisco
activation state, stomatal conductance and steady-state assimila-
tion rates etc., the main variable of interest for this study was the
dynamic assimilation rate. The 10 Hz carbon assimilation rate and
light interception data were reduced to 10-min averages for 
diurnal comparisons and graphics. The integrated daily carbon
gain for fluttering leaves was compared with fixed leaves for the
same conditions.

Results

An example of the light interception for one very short
period (Fig. 2) provides a visual description of how the
model works. Every 5th data point, representing a 10 Hz
frequency (the larger symbols in Fig. 2) was stored in a
light file that was used as input for the dynamic model of
photosynthesis (which cannot accept inputs faster than
10 Hz). Figure 2 also shows that a 10 Hz frequency cap-
tures most of the variation in light interception for leaves
that flutter at 3 Hz.

The photosynthesis model parameters chosen (see
Appendix) adequately simulated the steady-state light
and CO2 response of a number of replicate aspen leaves
(Fig. 3). In addition, the model effectively simulated the
dynamic response of carbon assimilation and stomata to
a step change in light (Fig. 4). More importantly, the
model gave excellent fits to observed photosynthetic re-
sponses to flashing light regimes (Fig. 5). Differences in
peaks and valleys between the model and gas exchange
observations were minor and turn out to be less than 2%
of the integrated carbon assimilation. The model also
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Fig. 1 Diagram showing the major angles used to calculate light
interception for any leaf orientation. The symbols δ, α, χ, φ, and θ
represent solar declination (day of year), azimuth orientation, and
a slope component (leaf angle), the arc of rotation and the angle
between the solar beam an a line normal to the blade, respectively.
See text for details
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Fig. 2 An example of the output from the light interception model
for a fluttering leaf facing east with an initial leaf angle of 75° at
1130 hours (day 155 and latitude 38.5°). The smaller symbols re-
present a 50 Hz calculation frequency and the larger symbols re-
present a 10 Hz frequency that was used as input into the dynamic
model of photosynthesis

Fig. 3 Modeled and measured light and CO2 response curves for
aspen leaves. Measured values represent four replicate leaves.
Measurements were made at a temperature of 25°C and leaf to air
vapor pressure deficits of 12–15 mbar

Fig. 4 Modeled and measures time course of photosynthetic in-
duction for aspen following a step change in photon flux density
(PFD). Leaf temperature was 24°C and leaf to air vapor pressure
deficit was 11 mbar

Fig. 5 Measured and modeled photosynthetic response of aspen to
a decrease in total PFD with either a 5 or 60 s flashing light treat-
ment. Measurements were made at a temperature of 23°C and leaf
to air vapor pressure deficits of 11–13 mbar



performed extremely well for higher frequency light 
dynamics (1 and 0.4 s flashing light), although not pre-
sented graphically since the model and measured lines
were indistinguishable. The model also effectively simu-
lates (data not shown) the photosynthetic response to
low light transients (see Roden and Pearcy 1993b). 

Gas exchange data collected (R.W. Pearcy, University
of California, Davis) using a double-sided cuvette dem-
onstrated that alternating light exposure on the upper and
lower side of an aspen leaf had no effect on the assimila-
tion rate as compared to light exposure on one surface
only (Table 1). This was true even though the photosyn-
thetic capacity on the abaxial surface was significantly
lower than the adaxial surface. This implies that incorpo-
rating light interception from both surfaces into one light
file for the dynamic model of photosynthesis was ade-
quate to simulate the carbon gain of a fluttering leaf.

Figure 6 shows examples of diurnal trends in light 
interception and carbon assimilation that demonstrate the
effect of leaf flutter for three distinct scenarios. In the
first example, a north facing fluttering leaf with an initial
leaf angle of 90° (vertical) intercepted 150% more PFD
and fixed 70% more carbon than a leaf fixed at the same
initial orientation. Clearly, at certain times of the day
(0800 and 1600 hours), when the blade was parallel to
the solar beam the leaf experienced quite a low light 
environment and flutter enhanced light interception. 
Vertically oriented leaves frequently intercept much less
PFD than horizontally oriented leaves and so it was 
expected that flutter should enhance both PFD intercep-
tion and carbon gain for those leaves.

The second scenario in Fig. 6 was an east facing leaf
at a 60° angle. The integrated PFD intercepted was nearly

identical between a fixed and fluttering leaf however the
fluttering leaf gained 8% more carbon. Although both
leaves intercepted a similar total amount of PFD, the
PFD was distributed evenly over the day for the flutter-
ing leaf. The east facing leaf fixed at 60° intercepted the
greatest amount of PFD mid-morning, however that light
was above that which saturates the photosynthetic appa-
ratus (≈800 µmol m–2 s–1) and failed to enhance carbon
assimilation (Fig. 6). By early afternoon the fixed leaf
was parallel to the solar beam and flutter enhanced both
PFD interception and carbon gain.

The third scenario was a south facing, nearly horizontal
(15° angle) leaf (Fig. 6). Compared to its fixed counter-
part, a fluttering leaf intercepted 31% less PFD. However,
the additional PFD absorbed by the fixed leaf at midday
was well above saturation. The fluttering leaf gained
nearly as much carbon as the fixed leaf because it inter-
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Table 1 The carbon assimilation rate of aspen leaves exposed to
either continuous light (1,800 µmol m–2 s–1) on one surface or al-
ternating light (0.2, 1 and 5 Hz frequency) between the upper and
lower surface. Thus, with the alternating light regimes, the leaf
was essentially continuously illuminated but on alternating sides

Treatment Photosynthetic rate 
(µmol m–2 s–1)

Constant upper surface 20.7
Alternating – 0.2 Hz 19.5
Alternating – 1 Hz 20.3
Alternating – 5 Hz 20.7
Constant lower surface 14.0

Fig. 6 Representative exam-
ples of model simulations of di-
urnal light interception (PFD)
and carbon assimilation (A) for
individual fluttering and fixed
aspen leaves at various angles
and azimuths



cepted sufficient PFD to saturate photosynthesis and 
because of efficient utilization of dynamic PFD input
(post-illumination CO2 fixation). Comparing the light in-
terception of fixed leaves in all three scenarios (Fig. 6),
it is clear that “sun leaves” may not always be exposed
to high PFD. The similarity in light interception for flut-
tering leaves in all three scenarios implies that flutter
creates a more uniform light environment for all leaves
even those with very different orientations.

The integrated daily PFD and A were estimated for
eight azimuth (45° increments) and seven leaf angles
(15° increments) from vertical to horizontal for fixed and
fluttering leaves (Figs. 7, 8). If we assume a random 
azimuth and leaf angle distribution in a population of
“sun” leaves, then flutter would not change the total
amount of light intercepted (pooled mean for both were
≈958 µmol m–2 s–1). In a population of randomly orient-
ed leaves, leaf flutter would essentially continuously 
re-randomize leaf angles and thus total light interception
would remain the same. However, leaf flutter reduced
the variability in light interception across the entire
range of leaf angles (Fig. 7). Although there were slight
differences for fluttering leaves facing north/south versus
those facing east/west, all fluttering leaves at any given
azimuth intercepted nearly identical amounts of PFD 
regardless of initial leaf angle. Recall that the leaf angle

parameter associated with fluttering leaves was just the
angle at which the leaf begins its flutter motion. Al-
though these results were not unexpected, to my knowl-
edge this is the first study to quantify and compare the
light interception of fluttering and fixed leaves at various
leaf orientations. 

Flutter increased the carbon gain for a population of
randomly oriented aspen leaves by as much as 10%
(Fig. 8). Although flutter may not alter the total light in-
terception for this population, it can still influence car-
bon gain by creating a more uniform light environment
across all members of that population. This enhancement
was due to increased light interception and photosynthet-
ic rates for leaves with θ angles close to 90° and little or
no effect on carbon gain for leaves with small θ angles.
Leaves normal to the solar beam intercepted less light
when fluttering, but generally not enough to reduce pho-
tosynthetic rates much below light saturation.

Aspen leaves are not fixed in azimuth orientation and
the true flutter motion is more complicated than simulat-
ed here. In order to test the effects of a more complicated
leaf motion, the model was modified to include variation
in azimuth angle as well as the slope angle. Although all
leaf angles were not tested with this new version, the re-
sults confirm the basic premise that flutter creates a more
uniform light environment. When flutter changes azi-
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Fig. 7 Simulated effect of leaf orientation and flutter on mean dai-
ly light interception for individual aspen leaves in full sun for day
155, latitude 38.5° and a 140° arc of rotation

Fig. 8 Simulated effect of leaf orientation and flutter on mean car-
bon assimilation for individual aspen leaves in full sun for day
155, latitude 38.5° and a 140° arc of rotation



muth angles as well, the slight variation in light intercep-
tion for fluttering leaves oriented north/south versus
east/west (as in Fig. 7) disappeared (the line became flat,
data not shown). Thus, flutter simply acts to re-randomize
not only leaf angles but azimuth angles as well, eliminat-
ing all difference in light interception within a randomly
oriented population of leaves.

The model uses a default arc of rotation of 140° esti-
mated from observations of aspen leaves in the field and
wind tunnel studies using slow motion photography.
However, the arc of rotation in nature is variable and 
depends on wind speed. Under light breezes, aspen
leaves move through a much smaller arc. Therefore, the
light interception of fluttering leaves at various rotation
angles was estimated for two contrasting azimuth angles
(north and east). As the arc of rotation increased the light
interception became more uniform across the leaf angles
tested (Fig. 9). Arc of rotation angles greater than 200°
were not tested since they were not considered a realistic
possibility for aspen leaves.

Using 65° as a typical low wind speed arc of rotation,
the PFD interception and carbon gain was estimated for
various azimuth orientations and leaf angles. Although a
65° arc of rotation does not eliminate variation in PFD
interception in a randomly oriented population of aspen
leaves, those leaves still gained 5% more carbon than
leaves fixed in position (Fig. 10).

Discussion

The results using the double-sided cuvette (Table 1) indi-
cate that aspen leaves may not be limited by gradients in
light absorption and photosynthetic capacity within the
leaf. Gradients in light absorption through different 
layers of the mesophyll have been demonstrated previ-
ously (Terashima and Saeki 1985; Vogelmann et al.
1989; Cui et al. 1991) leading to gradients in photosyn-
thetic capacity (Terashima and Saeki 1985; Evans et al.
1993). Thus, rapidly alternating light on each side of a
leaf could potentially reduce the limitations imposed by
such gradients. The vertical orientation and thickness of
aspen leaves may reduce these gradients such that no
benefit of alternating light was observed. If the gradients
in photosynthetic capacity are large, such as in very thick
leaves, then alternating light exposure could be detri-
mental if the lower surface does not have the capacity to
utilize the additional light energy input. This also was
not the case for aspen leaves (Table 1). One might 
predict that species with leaves that flutter, should have
relatively thin leaves with similar photosynthetic capaci-
ties on the abaxial and adaxial surfaces.

Clearly, this model is a simplification of the complex
leaf flutter motion. Modeling the exact movement of
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Fig. 10 Simulated effect of flutter, over a 65° arc of rotation, on
light interception and carbon assimilation for individual aspen
leaves in full sun at various leaf angles and azimuths for day 155
and 38.5° latitude

Fig. 9 Simulated effect of rotation angle and flutter on light inter-
ception at two contrasting azimuth angles for individual aspen
leaves in full sun for day 155 and 38.5° latitude



fluttering leaves would require sub-models that simulate
petiole twisting and bending. In addition, as leaves 
flutter, the blade does not remain flat but becomes slight-
ly cupped. Observations from slow motion photography
of fluttering poplar leaves suggests that random effects
due to variations in wind speed and turbulence would
also need to be accounted for. However, adding layers of
complexity may not provide additional information. For
example, when changes in azimuth direction were 
included, the basic story of reduced variability in light
interception for a population of randomly oriented leaves
was maintained. Any factor that modifies leaf angle or
azimuth on a rapid time scale should have similar effects
on light interception and carbon gain to those presented
in this modeling exercise.

At very low wind speeds, aspen leaves begin to 
vibrate until some threshold is reached where a full flut-
ter motion begins. This threshold varies, but wind speeds
as low as 1 m s–1 can initiate flutter (Roden and Pearcy
1993a). Once leaves begin to flutter, the motion seems
unaffected by wind speed until very windy conditions
prevail. Under high wind speeds poplar leaves tend to
cease fluttering and fold over to become more aerody-
namic (Vogel 1989). Although an arc of rotation of 140°
appears optimal (Fig. 9), the benefits of flutter can 
extend over a wide range of flutter habits, even those
generated by relatively light winds (Fig. 10). More work
is needed on the biomechanics of aspen blades and peti-
oles (Niklas 1991), to determine if they have been selected
for any specific arc of rotation.

Regardless of how leaves flutter, the subsequent 
redistribution of light could have a potential benefit for a
randomly oriented population of leaves (Fig. 8). Other
studies have also postulated that carbon gain is maxi-
mized when light is distributed evenly over many leaves
(DeWit 1966; Sprugal 1989; Roden and Pearcy 1993b).
A population of fixed leaves would have some intercept-
ing very little PFD while others were well above light
saturation (Fig. 6). However, a population of fluttering
sun leaves will all intercept very similar amounts of light
which is close to the level at which the photosynthetic
apparatus is saturated. This was the primary reason for
the enhanced photosynthetic rates for a fluttering popula-
tion of leaves. At the very least, this study supports the
hypothesis that flutter may not substantially reduce the
carbon gain for leaves at the top of the canopy.

Enhanced carbon gain with flutter was also a function
of greater lightfleck use efficiency (LUE) which is the
ratio of carbon gain during light transients compared to
the carbon gain predicted by an instantaneous response
to the steady-state assimilation rate (Chazdon and Pearcy
1986). A number of studies have demonstrated that
plants can use short frequent lightflecks more efficiently
than longer less frequent lightflecks (Chazdon and 
Pearcy 1986; Lakso and Barnes 1978; Roden and Pearcy
1993b). The LUE was close to 100% (no difference from
steady-state) for all fixed leaves, but ranged from 105 to
115% for fluttering leaves. Aspen leaves can efficiently
utilize flashing light regimes due, in part, to post-illumi-

nation CO2 fixation (Chazdon 1988; Pearcy 1990; Roden
and Pearcy 1993b). The photosynthesis model predicted
(data not shown) that fluttering leaves maintained high
stomatal conductances, constant metabolite pools sizes
(RuBP) and highly activated Calvin cycle enzymes (in
particular Rubisco). Thus leaves at the top of the canopy
remain, throughout most of the day, in a highly induced
state and are able to efficiently take advantage of all light
transients. Fixed leaves also maintained high stomatal
conductances, however, the photosynthesis model 
predicted reductions in the activation state of Rubisco (to
approx. 50% of maximum) when fixed leaves were par-
allel to the solar beam for extended periods.

This analysis was based on a population of leaves
randomly distributed in terms of leaf angles and 
azimuths. Although aspen leaves do appear randomly
oriented in terms of azimuth, they tend to be more vertical
than horizontal. A brief survey of a small aspen canopy
revealed that all leaf angles from 0 to 90° were repre-
sented although angles between 45° and 60° were the
most common (Roden, unpublished data).

Roden and Pearcy (1993a) found that flutter increased
light penetration into the lower canopy. Increased light
penetration must come at the expense of reduced light
interception of fluttering sun leaves. However, this mod-
el predicts no change in total light intercepted for a 
randomly oriented population of sun leaves. It is possible
that a non-random leaf angle distribution or reduced arc
of rotation for fluttering leaves could potentially account
for reduced upper canopy light interception and thus 
increased light penetration (e.g. leaves with a more hori-
zontal orientation). A more detailed study of leaf angles
and azimuths for an entire aspen canopy would highlight
deviations in the assumption of randomness and their 
effects on light interception. Another possibility is that
the degree of clumping of leaves changes during windy
conditions. Observations of canopy motion during windy
conditions support the idea that groups of leaves tend to
be more clumped due to directional forcing by the 
airflow. Greater clumping would reduce the extinction
coefficient for light penetration. This might also reduce
the uniformity of upper canopy light capture but to what
extent is unknown.

The model presented here predicts the light intercep-
tion of an individual leaf only and thus ignores canopy
effects (e.g. clumping). For instance, a leaf on the east-
facing outer portion of a canopy will receive full sun in
the morning and canopy shade in the afternoon, compli-
cating the effects of flutter over the course of the day.
The complexity involved in modeling the light intercep-
tion of an entire canopy would be quite daunting. These
and other factors that modify PFD interception may less-
en the photosynthetic enhancement predicted by this
model.
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Conclusions

The assumption made by Roden and Pearcy (1993b) that
flutter will have minimal effects on the carbon gain of
upper canopy leaves due to their exposure to direct solar
radiation was well founded. This study also points to the
possibility that not only will flutter enhance lower cano-
py light environments and carbon gain (Roden and 
Pearcy 1993a, 1993b), but potentially the upper canopy
as well. Flutter acts to continuously re-randomize leaf
orientations (both leaf angles and azimuth) in a popula-
tion of leaves and thus may not alter overall light inter-
ception. However, at any particular time, fixed “sun”
leaves can be exposed to light levels well above and well
below that which would saturate photosynthesis. By 
redistributing the light, flutter can reduce the amount of
time any leaf is above or below light saturation, and thus
enhance carbon gain.

The flutter of upper canopy leaves will modify the
lower canopy light environment as well. This study 
implies that whenever a leaf is parallel to the solar beam,
flutter will enhance its own light interception and reduce
the amount of direct beam radiation penetrating to the
canopy below. This will certainly benefit the upper cano-
py leaf’s carbon gain and may have only a modest effect
on leaves directly below depending on how close they
were to light saturation. Whenever an upper canopy leaf
is normal to the solar beam it is intercepting more light
than required to support maximal photosynthetic rates
and shading the lower canopy to the greatest extent. In
this situation, flutter will increase light penetration into
the lower canopy where leaves are light limited, without
significantly reducing the fluttering leaf’s carbon gain.
Thus flutter could create a spatially uniform and tempo-
rally dynamic light environment for the entire canopy.
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Appendix

Appendix 1

Parameter values, definitions, and symbols for the dynam-
ic model of photosynthesis (see Pearcy et al. 1997) used
to model carbon gain in aspen leaves

Parameter Symbol Value Units

Maximum stomatal conductance gs.max 500 mmol m–2 s–1

Minimum stomatal conductance gs.min 50 mmol m–2 s–1

Boundary layer conductance gb 1,440 mmol m–2 s–1

Time constant for biochemical τg.i 22.2 s
signal increase in guard cell
Time constant for biochemical τg.d 420 s
signal decrease in guard cell
Time constant for increase τk 1,080 s
in osmotica in guard cell

Parameter Symbol Value Units

Time constant for increase τH2O 600 s
in water in guard cell
Rate of non-photorespiratory rd 2 µmol m–2 s–1

respiration
Maximum rate Vj.max 120 µmol m–2 s–1

of electron transport
Maximum rate of carboxylation Vc.max 150 µmol m–2 s–1

Quantum yield αj 0.085 mol mol–1

for electron transport
Curvature factor θj 0.9 Dimensionless
for electron transport
Maximum pool size for RuBP Rmax 150 µmol m–2

and its immediate precursors
Maximum pool size Tmax 160 µmol m–2

of high-energy substrates 
for RuBP regeneration
Apparent Michaelis-Menton Kr 75 µmol m–2

constant of carboxylation for R
Apparent Michaelis-Menton Kt 20 µmol m–2

constant of carboxylation for T
Minimum RuBP regeneration Vf.min 0.01 relative to max
rate in the dark
Minimum carboxylation rate Vc.min 0.20 relative to max
in the dark
Rate of decay of photorespiratory Ψ 0.04 s–1

intermediates in G pool
Time constant for light activation τc.i 300 s
increase of carboxylation activity
Time constant for deactivation τc.d 1,200 s
of carboxylation activity
Time constant for light activation/ τr 60 s
deactivation of RuBP regeneration
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