
Abstract Dynamic responses of understory plants to
sunflecks have been extensively studied, but how much
differences in dynamic light responses affect daily pho-
tosynthesis (Aday) is still the subject of active research.
Recent models of dynamic photosynthesis have provided
a quantitative tool that allows the critical assessment of
the importance of these sunfleck responses on Aday. Here
we used a dynamic photosynthesis model to assess dif-
ferences in four species that were growing in ambient
and elevated CO2. We hypothesized that Liriodendron
tulipifera, a species with rapid photosynthetic induction
gain and slow induction loss, would have the least limi-
tations to sunfleck photosynthesis relative to the other
three species (Acer rubrum, Cornus florida, Liquidam-
bar styraciflua). As a consequence, L. tulipifera should
have the highest Aday in an understory environment, de-
spite being the least shade tolerant of the species tested.
We further hypothesized that daily photosynthetic en-
hancement by elevated CO2 would differ from enhance-
ment levels observed during light-saturated, steady-state
measurements. Both hypotheses were supported by the
model results under conditions of low daily photosyn-
thetic photon flux density (PFD; <3% of the above-cano-
py PFD). However, under moderate PFD (10–20% of the
above-canopy PFD), differences in dynamic sunfleck re-
sponses had no direct impact on Aday for any of the spe-
cies, since stomatal and photosynthetic induction limita-
tions to sunfleck photosynthesis were small. Thus, the
relative species ranking in Aday under moderate PFD
closely matched their rankings in steady-state measure-

ments of light-saturated photosynthesis. Similarly, under
elevated CO2, enhancement of modeled Aday over Aday at
ambient CO2 matched the enhancement measured under
light saturation. Thus, the effects of species-specific dif-
ferences in dynamic sunfleck responses, and differences
in elevated CO2 responses of daily photosynthesis, are
most important in marginal light environments.
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Introduction

Numerous studies have described the dynamic gas ex-
change responses of plant species to changes in light in-
tensity (reviewed in Pearcy 1990; Naumburg and Ells-
worth 2000). Based on these studies, it is clear that plants
can differ in their dynamic responses to light as a func-
tion of the local light environment and species-specific
characteristics. That is, plants differ in the rate with
which they open stomata and activate photosynthetic en-
zymes in response to high-intensity light during sun-
flecks, and the rate with which these revert to the initial
states in shade. Since these dynamic responses partially
determine how well a plant can utilize sunflecks for pho-
tosynthesis (Pearcy et al. 1994; Valladares et al. 1997;
Naumburg and Ellsworth 2000), the contribution of sun-
flecks to daily photosynthesis (Aday) among plants and
species should vary greatly. Indeed, estimates of sunfleck
photosynthesis range between 20–80% of Aday (Gross
1982; Pearcy and Calkin 1983; Pearcy 1987; Chazdon
1988; Pfitsch and Pearcy 1989) and 9–44% of the annual
C gain (Pearcy and Pfitsch 1991). However, it is unclear
how much of these differences in sunfleck contribution to
photosynthesis are due to differences in light regimes
rather than species-specific differences in dynamic light
responses or photosynthetic capacity. To date, a link be-
tween differences in dynamic photosynthetic light re-
sponses among species and distinct differences in daily C
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uptake in the field is lacking. However, indirect evidence
of such a link can be found in growth studies that show
species differences in biomass responses to homogeneous
versus variable light (Sims and Pearcy 1993; Wayne and
Bazzaz 1993; Watling et al. 1997).

The difficulty in quantifying the importance of dy-
namic light responses is related to the transient nature of
sunflecks in the understory. In a natural ecosystem, each
leaf grows in a unique sunfleck light environment with
different daily totals in photosynthetic photon flux densi-
ty (PFD) Further, distributions of sunflecks vs. shade pe-
riods vary with weather conditions such as cloud cover
and wind and seasonal changes in sun angle and canopy
leaf area (Chazdon 1988; Pearcy et al. 1996). Conse-
quently, daily measurements of gas exchange are of lim-
ited use in comparative studies since no two leaves expe-
rience the same light regime. As an alternative, models
(e.g., Pearcy et al. 1994), can be used to determine the
significance of sunflecks and dynamic photosynthetic re-
sponses, but these have rarely been parameterized and
applied to contrasting species in field conditions. In the
absence of robust species comparisons in field light en-
vironments, the importance of differing dynamic re-
sponses on Aday is unclear (Pearcy et al. 1996).

Previously, we observed that understory saplings of
two shade-tolerant and two intolerant species differed in
their dynamic gas exchange responses to lightflecks 
(Naumburg and Ellsworth 2000). Specifically, Acer ru-
brum L. (red maple) showed rapid induction gain/loss in
response to changes in PFD while Cornus florida L.
(flowering dogwood) and Liquidambar styraciflua L.
(sweetgum), in particular, were less responsive. Lirio-
dendron tulipifera L. (tulip-poplar) showed asymmetri-
cal behavior to changes in PFD in that it gained induc-
tion rapidly after increases in PFD and lost induction
comparatively slowly after decreases in PFD. This latter
behavior would be optimal for utilizing sunflecks effi-
ciently for photosynthesis since, after several sunflecks,
it would achieve a high induction state to maintain
through subsequent shade periods (Chazdon 1988; Na-
umburg and Ellsworth 2000). In contrast, species such as
A. rubrum that lose induction rapidly during shade
would experience higher induction limitation to sunfleck
photosynthesis than L. tulipifera. And finally, species
with slow induction gain such as L. styraciflua may nev-
er reach high induction states in environments were sun-
flecks are rare and thus, this type of dynamic behavior
would also lead to high induction limitation to sunfleck
photosynthesis.

Here, we evaluate to what extent the observed species
differences in short-term dynamic gas exchange respons-
es affect leaf Aday in the understory. We employed the
semi-mechanistic sunfleck photosynthesis model of 
Pearcy et al. (1997) to test the hypothesis that the dy-
namic response of L. tulipifera leads to higher Aday and
lower induction limitation to sunfleck photosynthesis
than the dynamic behavior of the other previously stud-
ied species. We used measurements and model parame-
terizations for understory saplings growing in ambient

and elevated atmospheric CO2 since: (1) we previously
(Naumburg and Ellsworth 2000) observed differences in
the dynamic responses of photosynthesis to lightflecks
between ambient and elevated CO2-grown saplings, and
(2) some studies have suggested that differences in un-
derstory species’ responses to elevated CO2 will drive
compositional changes in forests in a future, higher CO2
atmosphere (Bolker et al. 1995; Kerstiens 1998). We
tested the hypothesis that CO2 enhancement ratios of
Aday differ from those measured using steady-state, in-
stantaneous photosynthesis measurements due to the dy-
namic nature of photosynthesis and elevated-CO2-in-
duced changes in dynamic photosynthetic responses to
variable light such as slower induction loss under shade
(Naumburg and Ellsworth 2000).

Materials and methods

Model

The sunfleck photosynthesis model employs the theory and pa-
rameterization equations in Pearcy et al. (1997) and Kirschbaum
et al. (1998). Briefly, the model consists of three major modules:
(1) an initialization module equilibrating dynamic model variables
to the starting PFD value, (2) a dynamic stomatal light response
model, and (3) a dynamic photosynthesis model based on the bio-
chemistry of CO2 fixation. The initialization module generates
steady-state solutions for the dynamic model variables based on
the initial light value. These values then serve as initial conditions
in the dynamic modules of the model. The stomatal module con-
tains four time constants that affect the speed with which stomatal
conductance responds to changes in PFD (Kirschbaum et al. 1988;
Pearcy et al. 1997). The biochemical module is based on the wide-
ly-used Farquhar and von Caemmerer (1982) photosynthesis mod-
el but includes time constants for the activation/deactivation of
Rubisco and RuBP regeneration enzymes as a function of changes
in PFD (Pearcy et al. 1997; Kirschbaum et al. 1998). For com-
pleteness, Appendix I summarizes the model equations and inte-
gration routines used to solve for Anet in our model implementa-
tion.

The model was separately parameterized for each of the four
species and ambient/elevated CO2 treatments based on gas ex-
change responses to controlled changes in light intensity (Naum-
burg and Ellsworth 2000). The model parameter list with the de-
termination procedure and the range of parameter values are
shown in Table 1. Briefly, the model parameterization was based
on gas exchange experiments conducted on individual leaves of
the study species at the study site (Naumburg and Ellsworth
2000). The time courses of net CO2 assimilation and stomatal con-
ductance were followed in leaves that were exposed to experimen-
tal pulses of saturating light (~1000 µmol m–2 s–1), with interven-
ing shade periods (~45 µmol m–2 s–1) lasting 2, 6, and 12 min. The
measurements were conducted with a CIRAS-1 portable photo-
synthesis system (PP-Systems, Hitchin, UK) at ~60% relative hu-
midity, 28° C, and the plants’ day-time CO2 concentration. Addi-
tional measurements for model parameterization were derived
from steady-state measurements of photosynthetic response curves
for CO2 concentrations ≤57.0 Pa (see Naumburg and Ellsworth
2000), and photosynthetic PFD response curves. Further, to verify
parameters controlling post-illumination CO2 fixation, gas ex-
change measurements were conducted with a Li-Cor 6400 photo-
synthesis system (Licor, Lincoln, NE) where PFD was varied be-
tween shade and saturating PFD at 10 s to 1 min intervals. For
each model parameterization, the average responses of plants
growing in three separate plots were used. Species- and CO2-spe-
cific values of the time constants controlling the dynamic behavior
are listed in Table 2 together with key steady-state parameters. 
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Table 1 Model parameters used to simulate dynamic photosyn-
thesis in understory light environments, and their range of values
for the four study species growing at two growth CO2 concentra-

tions. Parameters were derived from literature or specified mea-
surements. (PFD Photosynthetic photon flux density, Anet net pho-
tosynthesis)

Symbol Description Value or range Source

Stomatal module
gwsat Light-saturated stomatal 86-115 mmol m–2 s–1 PFD response curve

conductance to water vapor
αg Initial slope of gw light response 0.46-1.09 mol mol–1 PFD response curve
θg Curvature parameter 0.46-0.72 PFD response curve 
τgi Time constant for 32-155 s Naumburg and Ellsworth (2000); stomatal response 

biochemical opening signal to 12-min shade period and subsequent saturating PFD
τgd Time constant for 90-500 s Naumburg and Ellsworth (2000); stomatal response 

biochemical closing signal to 12-min shade period and subsequent saturating PFD
τgk Time constant for 64-350 s Naumburg and Ellsworth (2000); stomatal response 

osmotica in-/efflux to 12-min shade period and subsequent saturating PFD
τgw Time constant for water 0-277 s Naumburg and Ellsworth (2000); stomatal response

in-/efflux to 12-min shade period and subsequent saturating PFD

Photosynthetic module
ca Atmospheric CO2 concentration 36.5 or 56.5 Pa
Vcmax Maximal Rubisco activation 27-43 µmol m–2 s–1 CO2 response curve

in high light
Vcmin Minimal Rubisco activation in dark 2.7-4.2 µmol m–2 s–1 10% of Vcmax; fit low PFD Anet in PFD response
αR Initial slope of Rubisco activation 0.05-0.13 mol mol–1 Fit intermediate PFD Anet in PFD response

light response
θR Curvature parameter of Rubisco 0.70-0.90 Fit intermediate PFD Anet in PFD response

activation light response
τRi Time constant for Rubisco 70-130 s Naumburg and Ellsworth (2000); time constant 

activation in light for increase in biochemical induction during initial 
saturating PFD in controlled light experiments

τRd Time constant for Rubisco deactivation 300-1,200 s Fit increase in Anet after 6- and 12-min shade in 
controlled light experiment

VFmax Maximal RuBP regeneration rate 49-75 µmol m–2 s–1 1.8×Vcmax (Pearcy et al. 1997; Leuning 1995)
in high PFD

VFmin Minimal RuBP regeneration rate 0.1 µmol m–2 s–1 ~0.2% of VFmax (almost completely deactivated 
in dark in shade; Sassenrath-Cole and Pearcy 1994)

αF Initial slope of RuBP regeneration 0.3 mol mol–1 Set high to accommodate almost complete activation
rate light response at light intensities lower than light saturation

(Sassenrath-Cole and Pearcy 1994)
θF Curvature parameter of RuBP 0.95 Set high (0.95) to accommodate almost complete 

regeneration rate light response activation at light intensities lower than light saturation
(Sassenrath-Cole and Pearcy 1994)

τFi Time constant for RuBP regeneration 90 s Sassenrath-Cole and Pearcy (1994)
activation in light

τFd Time constant for RuBP regeneration 180 s Sassenrath-Cole and Pearcy (1994)
deactivation

VJmax Maximal electron transport in high light 54-84 µmol m–2 s–1 2.0×Vcmax (Leuning 1995)
αJ Quantum yield of electron transport 0.07-0.12 mol mol–1 To fit low PFD Anet in PFD response curve
θJ Curvature parameter of electron transport 0.80-0.95 To fit low PFD Anet in PFD response curve

Rmax Maximum RuBP pool size 27-42 µmol m–2 1×Vcmax to fit post-illumination fixation during 
fast response measurements

KR Apparent Michaelis-Menten constant 1 µmol m–2 Fast response measurements, Kirschbaum et al. (1998)
for RuBP utilization by Rubisco

Tmax Maximum triose phosphate pool size 13.5-20.8 µmol m–2 ~0.5×Vcmax to fit post-illumination fixation during 
fast response measurements

KT Apparent Michaelis-Menten constant 15 µmol m–2 Fast response measurements, Kirschbaum et al. (1998)
of RuBP regeneration to triose phosphates

rd Non-photorespiratory day respiration 0.47-0.62 µmol m–2 s–1 PFD response curve
Ψ Decay rate of glycolate pool intermediates 0.05-0.15 s–1 Fit to observed post-illumination CO2 burst



The model can be used to evaluate the effect that different lim-
itations have on instantaneous photosynthesis (Anet) and Aday esti-
mates by setting individual time constants to zero (Pearcy et al.
1994, 1997). If all time constants are set to zero, the model pre-
dicts photosynthesis equivalently to a light response curve
(steady-state model).

Study site and data collection

Data for model parameterization, verification and application were
collected at the FACTS-1 site in Duke Forest, North Carolina,
USA which is equipped with six free-air CO2 enrichment (FACE)
rings described in Hendrey et al. (1999). The site is located in a
loblolly pine (Pinus taeda L.) plantation established in 1983.
Hardwood seedlings and saplings are abundant in the sub-canopy
and understory. At the site, three rings are operating at ambient at-
mospheric [CO2] and three at ambient +20.0 Pa CO2 in the pine
canopy. At the height of the study saplings in the center of the
ring, mean daytime [CO2] during the 1999 growing season was
56.2±1.8 Pa (mean±1 SD) for n=3 elevated CO2 rings and
~38.1 Pa in the ambient rings [Hendrey et al. unpublished data;
see also Hendrey et al. (1999)]. CO2 fumigation at the study site
began in August 1996.

Model validation

During May and July 1999, daily courses of gas exchange in the
study species were measured on plants growing in similar light en-
vironments (data not shown) as those used for model parameter-
ization. Conditions in the leaf chamber of the CIRAS-1 photosyn-
thesis system were tracking ambient temperature, humidity, and
PFD. Environmental conditions and gas exchange were logged at
5-s intervals. All daily courses were measured on mostly sunny
days. In July we measured the full complement of daily gas ex-
change for 2 trees species–1×2 CO2 treatment levels×4 species

(16 days total). In May, the full complement of measurements was
not completed due to the onset of drought, but the data included
2 trees species–1 CO2-treatment–1 for A. rubrum and L. tulipifera
and one C. florida and two L. styraciflua saplings for 11 days in
total. Using the PFD data collected for the measurement leaves on
these days, daily gas exchange was then modeled at 5-s intervals
using the specific species and CO2-treatment model parameteriza-
tions. To evaluate whether the dynamic model performed better
than a steady-state model, both the dynamic and steady-state ver-
sions of the model parameterizations were run using the daily PFD
data and the results compared to measured photosynthesis. Model
performance was evaluated using root mean squared differences
(RMSE) between the predicted and measured rates of photosyn-
thesis at several time steps. RMSE was defined as:

where N=455/t, t is the averaging time interval, 455 is the average
time length of the daily measurements in minutes (centered on
noon), and Apred and Ameas are the predicted and measured Anet, re-
spectively. In the understory, the rest of the photoperiod is charac-
terized by low sun angles, and hence sunflecks are negligible, so
we focussed our analysis on the 455-min period. We used this
analysis of model performance and several time intervals (1, 5, 10,
30, 60, 120, 455 min) over which measured and modeled Anet were
averaged before calculating RMSE to assess whether model per-
formance was dependent on the length of the time interval of in-
terest.

Deviations from measured Anet could be due to both a system-
atic offset of model predictions during much of the measurement
data set or due to failure of the model in reproducing both ampli-
tude and dynamics of understory photosynthesis. The former
would likely be due to incorrect steady-state parameters while the
latter would be due to either dynamic or steady-state parameters
controlling Anet. For this reason we repeated the RMSE analysis
with the mean daily Anet subtracted from both the predicted and
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Table 1 (continued)

Symbol Description Value or range Source

Kc Michaelis-Menten constant for 31 Pa Pearcy et al. (1997)
carboxylation reaction of Rubisco

Ko Michaelis-Menten constant for 15,500 Pa Pearcy et al. (1997)
oxygenation reaction of Rubisco

Γ* CO2 compensation in absence 4.44 Pa Pearcy et al. (1997)
of photorespiration

Table 2 Light-saturated Anet (µmol m–2 s–1) of the four study spe-
cies as predicted by the models, Vcmax (µmol m–2 s–1), gwsat (mmol
m–2 s–1), and the time constants (τ; s) controlling species-specific

dynamic responses in the model. See Table 1 for explanation of
the time constants, and other abbreviations

Anet Vcmax gwsat τgi τgd τgk τgw τRi τRd

Ambient CO2 parameterizations
A. rubrum 6.6 37 115 155 95 64 64 130 300
C. florida 4.7 27 75 102 195 186 186 120 1000
L. styraciflua 6.4 37 106 51 500 278 277 130 900
L. tulipifera 5.8 31 113 59 401 116 118 105 800

Elevated CO2 parameterizations
A. rubrum 10.0 42 95 32 90 165 26 130 500
C. florida 9.9 41 86 97 149 266 113 130 1100
L. styraciflua 10.5 41 130 40 232 256 255 130 1200
L tulipifera 6.9 27 105 66 217 350 0 70 1200

RMSE pred meas= −∑
=

( )A A
i

N
2

1



measured Anet. This comparison assessed how well the model re-
produced the rapid transients and excursions in the measurements.

To evaluate whether the dynamic models predicted Anet better
than the steady-state models, dynamic RMSE were subtracted
from steady-state RMSE. Positive values of this difference RMSE
indicate a better fit of the dynamic than the steady-state model.

Light data and model application

PFD measurements were collected at the FACTS-1 site and in an
adjacent mature oak-hickory forest. Forest understory PFD was
measured using gallium arsenide photodiodes (GA-1118; Hama-
matsu, Bridgewater, N.J.) that were calibrated against a commer-
cial quantum sensor reading PFD (LI-190; Li-Cor, Lincoln, Neb.)
under a range of shade and sky conditions. Calibrated photodiodes
were attached to leaves on understory tree branches 1–2 m above
the ground. Twenty-four locations in the pine forest near each of
the four species were chosen to represent a range of daily PFD and
sunfleck distributions in this forest, which is very close to reach-
ing crown closure (D. Ellsworth, unpublished data). Additionally,
photodiodes were positioned at six locations under a closed cano-
py in the hardwood forest which had similar daily PFD as shady
pine sites but more sunflecks with lower average intensity. Data
loggers (Campbell 23X; Campbell Scientific, Logan, Utah) read
PFD at 0.5-s intervals and recorded 5-s PFD averages for each
photodiode over 11 h day–1 centered around solar noon. PFD data
were collected for 10 days in early June 1999, 6 weeks after leaf
emergence for the hardwood trees. From the measurement days, a
single day during which sky conditions were sunny and clear was
chosen for modeling photosynthesis of each species at ambient
and elevated CO2 using all 30 PFD courses.

Two versions of the model were applied to the PFD data set:
the dynamic model with all time constants and the steady-state
model with all time constants set to zero. To evaluate the effect
different species-specific sunfleck dynamics had on sunfleck pho-
tosynthesis, ratios of the dynamic model photosynthesis outputs
were calculated relative to the steady-state model outputs.

Statistics

Differences in the RMSE values between steady-state and dynam-
ic model results were analyzed with repeated measures ANOVA.
The time-averaging interval (1–455 min) was the repeated factor.
CO2 treatment and species were fixed factors included in the mod-
el. To test whether the ambient and elevated CO2 models differed
in how well they described the elevated CO2 diurnal courses, a
similar difference RMSE was calculated and analyzed using the
averaging interval and species as fixed factors.

Model predictions of daily photosynthesis at high and low PFD
were analyzed by ANOVA because daily PFD appeared to affect
the degree to which species dynamic behavior affected Aday (see
results below). This analysis included daily PFD (two levels) as a
fixed factor and CO2 treatment and species as repeated factors.
Both CO2 and species were considered as repeated factors because
the different model parameterizations were all run on the same
PFD data and therefore, the model outputs are in essence repeated
measures on the same subjects. All analyses were conducted in
SAS version 6.12 for Windows (SAS Institute, Cary, N.C.).

Results

Model testing

Although the models were parameterized for an “aver-
age” plant using data collected in separate experiments,
the dynamic model generally reproduced the dynamic
sunfleck responses measured (Fig. 1). Fine-scale features

of dynamic photosynthesis in sunflecks in the understory
were captured by the dynamic model. The steady-state
model also reproduced most features in the measured da-
ta generated by sunflecks, but, as expected, it predicted
higher peak Anet during sunflecks. The differences in
peak Anet between the dynamic and steady-state models
(Fig. 1) indicates limitations to photosynthesis that are
mostly attributable to biochemical induction and stoma-
tal opening responses.

We compared performance of the dynamic and
steady-state models to determine the utility of the more
elaborate, and hence difficult to parameterize, dynamic
model. The change in the difference between the steady-
state and dynamic RMSE showed that the performance
of the two model types became similar with increasing
time over which Anet was averaged (P=0.01, Fig. 2). At
time intervals between 1 and 120 min, the RMSE differ-
ence differed significantly (P≤0.05) among the study
species. RMSE differences between the two models
were comparatively small for L. styraciflua and L. tulip-
ifera even at short time intervals, whereas RMSE differ-
ences were consistently larger for A. rubrum (Fig. 2).
These results indicate that considering induction limita-
tions to photosynthesis under variable PFD are impor-
tant at short time scales (≤10 min) irrespective of spe-
cies-specific sunfleck response dynamics. In addition,
for species that have shown high responsiveness to
changes in PFD such as A. rubrum, these limitations can
be important even for the entire day. On the other hand,
for species that show dynamic light behavior that should
minimize induction limitations (e.g., L. tulipifera), dif-
ferences in model performance appear small over an en-
tire day. RMSE differences of the order of 0.1 µmol CO2
m–2 s–1 are small relative to the typical tree-to-tree vari-
ance in light-saturated Anet in understory trees
(SE≥0.7 µmol m–2 s–1; Naumburg and Ellsworth 2000;
DeLucia and Thomas 2000), but a deviation of predicted
from actual values by 0.1 µmol m–2 s–1 would scale to
ca. 4 mmol m–2 day–1.

Errors in the dynamic model Anet predictions (e.g.,
RMSE) were not due to a systematic bias of the model
predictions. Calculating RMSE after first subtracting the
mean daily measured and modeled Anet for both mea-
sured and modeled Anet, yielded similar RMSE as using
non-transformed data (data not shown). If there was a
systematic bias in the model parameterizations, then we
would have expected smaller RMSE of the transformed
data. Further, using the same approach on the steady-
state model predictions resulted in ~25% larger RMSE
differences between the dynamic and steady-state mod-
els at 1–10 min than in Fig. 2 because the dynamic mod-
el predicted the variability of the measured photosynthe-
sis data better. This analysis further indicates that the dy-
namic model generally reproduces understory photosyn-
thesis better than the steady-state model.

Since 50–80% of understory leaf Aday occurs during
sunflecks and leaves are maintained near photosynthetic
compensation during diffuse light periods (Fig. 1), mod-
el performance was tested for sunfleck periods defined
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as periods with PFD>100 µmol m–2 s–1. The dynamic
model more accurately predicts Anet during sunflecks
than the steady-state model, especially when daily sun-
fleck Anet is low (Fig. 3). When daily sunfleck Anet is
high and sunflecks are frequent, of long duration and
high intensity, the models perform similarly because un-
der such sunfleck regimes limitations to sunfleck photo-
synthesis are comparatively low. Thus under conditions

where sunflecks are infrequent but critical for daily CO2
assimilation (see Fig. 4 below), the steady-state model
has a significant bias suggesting that the dynamic model
is more appropriate. 

To understand if the intrinsic differences in sunfleck
behavior under elevated CO2 observed by Naumburg and
Ellsworth (2000) significantly affect Aday, the steady-
state and dynamic models were run for elevated CO2
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Fig. 1 Daily courses of photo-
synthesis (Anet) for Acer ru-
brum and Liriodendron tulipif-
era collected tracking ambient
light, humidity and temperature
conditions. Panels show the
daily course of measured pho-
ton flux density (PFD), mea-
sured Anet, and modeled Anet.
Anet was modeled using the
PFD recorded during measure-
ments. Two model types were
used: a dynamic model where
photosynthetic and stomatal in-
duction dynamics are modeled,
and a steady-state version of
the model where responses to
changes in PFD were assumed
to be instantaneous



conditions but with parameters derived under ambient
CO2. These model runs used the same PFD data from the
daily measurements of PFD and photosynthesis, which
constituted 27 daily measurement cycles. Differences in
the RMSE between the two parameterizations were not
statistically significant for either species or averaging
time interval (data not shown). Further, overall means of
the RMSE for ambient parameterizations run at elevated
CO2 vs. elevated CO2 parameterization were not statisti-
cally significantly different (P>0.1). This is not surpris-
ing because the spatial variability in species parameters
is much larger than the effect of CO2 treatment on the
ensemble of physiological variables. Thus, with such
variability, either parameterization reproduces Aday of the
measured elevated CO2 plants well. To further explore
this point, we used three different model parameteriza-
tions for predicting elevated CO2 Aday with the dynamic
model: (1) the ambient CO2 parameterizations running at
elevated CO2, (2) the ambient CO2 parameterizations
running at elevated CO2 with the elevated CO2 values for
maximal Rubisco activation in high light (Vcmax) and pa-
rameters that scale from Vcmax [maximal electron trans-
port in high light (Vjmax), maximal RuBP regeneration
rate in high PFD (Vfmax), maximum triose phosphate
pool size (Tmax), maximum RuBP pool size (Rmax), Ta-
ble 1], and (3) the elevated CO2 parameterizations. In es-
sence, this approach allowed us to conduct a sensitivity
analysis determining the impact that observed changes in
biochemical kinetics and dynamic parameters can make
vis-à-vis absolute differences in photosynthetic rates.

Model application to daily PFD measurements

Aday at ambient CO2

Among the 30 photodiodes measuring PFD in the forest
understory at the site, daily integrated PFD ranged be-
tween 1.0–9.3 mol m–2 for the 11 h. This was equivalent

to 2–17% of the PFD received above the canopy on sun-
ny days. Within the data set, the contribution of sun-
flecks to daily PFD as well as the number and average
intensity of sunflecks combined to give a range of differ-
ent sunfleck environments (Naumburg and Ellsworth to
be published).

The importance of sunflecks (PFD>100 µmol m–2 s–1)
to Aday as predicted by the ambient CO2 dynamic model
is high for clear and sunny days. At daily PFD <2 mol
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Fig. 2 Difference in root mean squared errors (RMSE, a measure
of model performance, see Materials and methods) between the
steady-state and dynamic model results. Shown are means±1 SE
for the four study species averaged for both ambient and elevated
CO2 and time intervals over which both predicted and measured
Anet were averaged. Positive values indicate that the dynamic mod-
el predicted measured Anet better than the steady-state model Fig. 3 Comparison between sunfleck photosynthesis (PFD>100 µmol

m–2 s–1) measured and predicted by the dynamic and steady-state
models. The regression equation for the dynamic model estimates is:
ln(Y)=0.93×ln(X)+0.25, r2=0.96, P<<0.01 and for the steady-state
model estimates: ln(Y)=0.84×ln(X)+0.68, r2=0.95, P<<0.01. The
slope of the two regressions was marginally significantly different
(P=0.09), while the intercepts were significantly different (P<<0.01).
Dotted lines around the regressions show the 95% regression confi-
dence intervals while the dashed line shows the 1:1 relationship

Fig. 4 Ratio (expressed as %) of sunfleck photosynthesis relative
to total daily photosynthesis as predicted by the dynamic model
for 11-h diurnals. Photosynthesis was modeled using PFD data
collected at the study site that had a range of daily PFD and sun-
fleck characteristics. Shown are the model estimates for ambient
CO2 leaves of the four study species



m–2, the ratio of sunfleck:total daily photosynthesis cal-
culated for each model run approached 200% (Fig. 4).
Ratios greater than 100% are possible if a large fraction
of the diffuse PFD lies below the photosynthetic light
compensation point such that without sunflecks Aday
would be negative. This was common but not universal
for sites where PFD <2 mol m–2 day–1, or <4% of PFD
received above the canopy. For daily PFD>4 mol m–2

day–1, the importance of daily sunfleck photosynthesis
was much less variable, and the ratio leveled off between
80–90% (Fig. 4). At these sites daily diffuse PFD was al-
ways above the species’ light compensation points re-
ducing the importance of sunflecks to maintaining a pos-
itive day-time C balance.

Under these conditions, limitations to sunfleck photo-
synthesis at ambient CO2 decreased in all species with
increasing daily PFD. At the lowest daily PFD, dynamic
sunfleck photosynthesis for all species modeled can be
as low as 50–70% of the steady-state daily prediction
(Fig. 5a). For Aday, the differences were even larger, with
A. rubrum showing reductions in Aday due to its dynamic

behavior of up to 80% (Fig. 5b). At higher daily PFD,
when sunflecks are more abundant and of longer dura-
tion, the ratios between the dynamic and steady-state
models approach 100% for both sunfleck and daily pho-
tosynthesis (Fig. 5). Thus, at these higher PFD, limita-
tions to sunfleck photosynthesis become negligible for
all species (see also Fig. 3). L. tulipifera showed consis-
tently higher ratios of steady-state:dynamic Aday than the
other species (Fig. 5), suggesting smaller limitations to
sunfleck photosynthesis. This resulted in significantly
higher Aday for L tulipifera at low daily PFD (Table 3).
At high PFD, when limitations to sunfleck photosynthe-
sis are small, C. florida had significantly lower Aday than
the other species. This was not due to differences in dy-
namic photosynthesis behavior by C. florida but rather
due to lower light-saturated Anet in comparison to the
other species (Table 2). 
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Fig. 5 Ratio of sunfleck and daily photosynthesis predicted by the
dynamic model compared to the steady-state model (expressed as
%). Data are from model runs for ambient leaves of the study spe-
cies. Daily photosynthesis can exceed 100% because high induc-
tion states after sunflecks increase shade photosynthesis over the
steady state value. No regression lines are shown for daily photo-
synthesis ratios because of the high variability at daily PFD
<3 mol m–2

Fig. 6 Enhancement of daily photosynthesis by elevated CO2 (ra-
tio of elevated/ambient Aday) under three modeling scenarios: a
ambient model parameterizations, but run for elevated atmospher-
ic CO2, b ambient model parameterizations with CO2 fixation ca-
pacity (Vcmax) and biochemical pools fit for elevated CO2 plants, c
elevated CO2 model parameterizations with all parameters fit for
elevated CO2 plants. d Enhancement ratios measured in 1998 (left)
and 1999 (right) under steady-state and light saturating conditions.
All three panels of measured enhancement ratios show the same
data but are repeated next to each of the model scenarios for ease
of comparison



Aday in elevated CO2

To gain an understanding of how elevated CO2 would af-
fect Aday, we calculated the photosynthetic enhancement
ratio (elevated Aday/ambient Aday). Photosynthesis of the
study species was enhanced but not by a constant factor
under high and low daily PFD (Fig. 6). This was true for
all three versions of elevated CO2 parameterizations.
Ambient parameterizations run at elevated CO2 – scenar-
io a – had the smallest enhancement ratios at low PFD of
the three elevated CO2 parameterizations used (Fig. 6a).
At moderate PFD, this version also predicted a nearly
identical enhancement for the four species. This en-
hancement deviated for some species from the light satu-
rated Anet enhancement measured over 2 years (Fig. 6d).
Using values for Vcmax measured in 1998 for elevated
CO2 in the ambient model parameterization – scenario b
– showed higher enhancement ratios at low PFD and, at
moderate PFD, resulted in ratios that better matched the
measured ones (Fig. 6b). Under this scenario, L. tulipif-
era, the species with the lowest measured photosynthetic
enhancement, also showed the lowest enhancement un-
der low PFD. Finally, the elevated CO2 parameteriza-
tions – scenario c – showed further increases in low PFD
enhancement ratios over the ambient CO2 parameteriza-
tions for three of the species. L. tulipifera, however, had
the lowest enhancement ratios of the species, and en-
hancement was independent of daily PFD (Fig. 6c). At
moderate PFD, enhancement ratios were again similar to
those measured.

As a result of the predicted enhancements, all species
had significantly higher Aday under elevated CO2 (Ta-
ble 3). Using the ambient models run at elevated CO2
yielded the same species differences as under ambient
CO2: relative to the other species, L. tulipifera had sig-
nificantly higher Aday under low PFD, and C. florida had
significantly lower Aday under high PFD. However, using
ambient parameterizations with elevated CO2 Vcmax or el-
evated CO2 parameterizations (scenarios b and c), L. tu-
lipifera lost its photosynthetic advantage at low PFD and
had significantly lower Aday at moderate PFD than the
other species (Table 3). At moderate PFD, this was the
result of lower photosynthetic enhancement for L. tulip-
ifera that was incorporated into the model parameteriza-
tion (Fig. 6). These three scenarios show that if elevated
CO2 plants do not change their carboxylation capacity
and biochemical pools, Aday enhancements can be in-
ferred with reasonable accuracy from those measured
under light saturated conditions. If however adjustments
in either biochemistry or dynamic behavior occur, then
Aday enhancement can differ substantially from measured
enhancements at low daily PFD.

Discussion

It is not surprising that species’ differences in dynamic
behavior can have a potentially significant impact on
daily sunfleck and total photosynthesis under low daily
PFD conditions (Fig. 5, Table 3), but few studies have
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Table 3 Dynamic model pre-
dictions of daily photosynthesis
(Aday, µmol m–2 s–1) under low
and moderate daily PFD, and
description of the light 
environments used to run 
the simulations. Values are
means±1 SEM. Repeated 
measures analysis of variance
on Aday showed a highly 
significant species×CO2
scenario×PFD interaction
(P<<0.01). Different letters
within each column and 
ambient/elevated CO2 scenario
indicate significantly different
rates of Aday for that species
relative to the others (P<0.05,
Tukey’s test). Scenario a
Ambient model parameteriza-
tions, but run for elevated 
atmospheric CO2, scenario b
ambient model parameteriza-
tions but CO2 fixation capacity
(Vcmax) and biochemical pools
fit for elevated CO2 plants,
scenario c elevated CO2 model
parameterizations where all 
parameters were fit for elevated
CO2 plants

Low daily PFD Moderate daily PFD
(1-2 mol m–2 day–1) (7–9 mol m–2 day–1)

PFD (mol m–2 day–1) 1.62 (0.07) 7.98 (0.66)
% Of above-canopy PFD 2.90 (0.03) 14.50 (1.20)
Sunfleck PFD (mol m–2 day–1) 0.96 (0.10) 7.20 (0.63)
% Sunfleck PFD 57.69 (4.41) 90.16 (0.52)
n 15 3

Ambient CO2 predictions
A. rubrum 10.75 (1.31) b 68.82 (1.51) a
C. florida 11.11 (1.47) b 59.34 (1.76) b
L. styraciflua 9.58 (1.15) b 66.68 (2.15) a
L. tulipifera 13.55 (1.38) a 67.98 (1.84) a

Elevated CO2 predictions: scenario a

A. rubrum 18.00 (1.52) b 99.73 (2.17) a
C. florida 18.22 (1.68) b 85.42 (2.50) c
L. styraciflua 16.01 (1.33) b 94.95 (2.78) b
L. tulipifera 20.87 (1.59) a 96.28 (2.58) b

Elevated CO2 predictions: scenario b

A. rubrum 19.02 (1.54) b 106.07 (2.18) a
C. florida 22.64 (1.79) a 108.56 (3.08) a
L. styraciflua 16.86 (1.36) c 100.64 (2.87) b
L. tulipifera 18.84 (1.55) bc 86.24 (2.36) c

Elevated CO2 predictions: scenario c

A. rubrum 23.64 (1.98) b 112.86 (2.63) a
C. florida 24.53 (1.92) a 111.61 (2.82) a
L. styraciflua 19.13 (1.77) c 108.81 (2.89) b
L. tulipifera 15.50 (1.71) d 82.27 (2.27) c



been able to separate the effects of light environment
from those of species-specific dynamic responses (Pearcy
et al. 1994). This is in spite of the recognition that dy-
namic photosynthetic responses to light can impact Aday
(Chazdon 1988; Pearcy 1990). Using a modeling ap-
proach, we were able to show the consequences of ob-
served species differences in dynamic behavior on daily
leaf-level C uptake on a sunny day (Fig. 5, Table 3). Our
initial prediction was that the most asymmetrical sun-
fleck behavior, fast stomatal and photosynthetic enzyme
induction, and slow loss of induction, would maximize
Aday in different sunfleck regimes. Under low daily PFD,
this hypothesis was supported by results for L. tulipifera,
which indeed had the highest Aday of the species. Howev-
er, under moderate light levels differences in dynamic
sunfleck behavior had minimal effects on Aday (Fig. 5,
Table 3).

At the moderate daily PFD levels characteristic of
more open understory microsites, sunflecks would be
frequent and long, and high PFD could be maintained for
up to an hour (data not shown). Under these conditions,
species differences in dynamic photosynthesis become
less important to overall Aday than under low PFD condi-
tions (Fig. 5) and hence light-saturated Anet has a greater
impact on Aday. With a lower light-saturated Anet for C.
florida (Table 2), Aday in this species was also signifi-
cantly lower than in the other species. Thus, in environ-
ments with moderate to high understory PFD that have
long periods of direct PFD, modeling approaches utiliz-
ing steady-state measures are likely adequate for estimat-
ing Aday (Figs. 3, 5; Pearcy et al. 1994; Naumburg and
Ellsworth to be published).

Aday estimates in this study were based on predictions
by a dynamic photosynthesis model that has been shown
to reproduce dynamic sunfleck responses well in other
species (Pearcy et al. 1997; Kirschbaum et al 1998). Our
goal in this study was to compare species Aday, thus, we
parameterized the model for a population rather than in-
dividuals by using parameters that describe the “aver-
age” response to variable PFD of a species and CO2
treatment. As such, we could not test the model against
Anet measurements specific to the plant from which the
model parameters were derived as in previous studies
(Pearcy et al. 1997; Kirschbaum et al. 1998), and as a re-
sult model performance can expected to be worse than in
these previous studies. Instead, we used daily courses of
Anet of individual plants measured in an forest understory
under ambient environmental conditions for comparing
model outputs against measurements. RMSE analysis of
the measured and modeled Anet showed that incorporat-
ing dynamic PFD responses is important when the time
interval of interest is short, and over longer time inter-
vals for species highly responsive to variable light
(Fig. 2). Thus, despite expectations that the model would
deviate from measured Anet due to using population pa-
rameters and testing them against individual leaf Anet, the
dynamic model was superior under most circumstances.
Given that the dynamic and steady-state parameteriza-
tions for L. tulipifera result in comparatively small dif-

ferences in Anet and Aday predictions (e.g., Fig. 5), it is
also expected that the difference RMSE for this species
are small irrespective of the time scale (Fig. 2). Howev-
er, even for species with large limitations to sunfleck
photosynthesis the performance difference between the
model types decayed with increasing time scales. Again,
this may be an artifact of the model testing employed in
this study where it is expected that both model types err
in their Anet predictions. By increasing the time scale
over which that data was averaged, the errors of both dy-
namic and steady-state models would average out and
thus the difference between the accuracy of the two mod-
el predictions would decrease. However, since the dy-
namic model predicted Anet better at the short time scales
where sunfleck dynamics generally operate (Pearcy et al.
1994) and the potentially large differences in daily pre-
dictions of photosynthesis between the model types (up
to 40%, Naumburg and Ellsworth to be published), we
would advocate the use of dynamic models even over
longer time scales under low daily PFD environments
where dynamic responses likely affect Aday.

Using the dynamic model, we further investigated the
effect of a 20.0 Pa increase of CO2 on Aday under three
different scenarios: (1) no acclimation to CO2 (Fig. 6a),
(2) carboxylation capacity and biochemical pools (e.g.,
Vcmax, VJmax, VFmax, Rmax and Tmax) are altered under ele-
vated CO2 (Fig. 6b), and (3) complete elevated CO2 pa-
rameterization (Fig. 6c). Under all three scenarios, pho-
tosynthetic enhancements at low daily PFD were larger
than at moderate PFD or during measurements of light-
saturated Anet. Consequently, rising CO2 may benefit
plants growing in poor light microsites relatively more
than at better microsites (Bazzaz and Miao 1993; Os-
borne et al. 1997; Würth et al. 1998), and this benefit
cannot be inferred from light-saturated Anet measure-
ments alone.

Additionally, stomatal responses to elevated CO2,
both steady state and dynamic, could influence Aday.
These factors were not incorporated here since they were
not observed for the study species under well-watered
(Naumburg and Ellsworth 2000) and drought conditions
(E. Naumburg, unpublished data). Further, in their meta-
analysis of 48 recent, elevated-CO2 studies on woody
species, Curtis and Wang (1998) found only a modest
and non-significant reduction of 11% in response to ele-
vated CO2. Given the high variability in understory light
environments and the relatively infrequent times in the
day when maximum Anet and stomatal conductance are
achieved, stomatal responses to elevated CO2 in under-
story trees are unlikely to strongly affect daily Anet in the
absence of large effects on stomatal conductance and its
response dynamics.

With respect to the different species studied, both the
degree of photosynthetic enhancement and predicted Aday
varied with the three scenarios. Predictably, assuming no
adjustments under elevated CO2 (scenario a) yields simi-
lar enhancements (Fig. 6a) and thus the same ranking for
the species’ Aday as under ambient CO2 (Table 3). How-
ever, if either biochemical kinetics or overall dynamic
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behavior change under elevated CO2, then the outcomes
can differ. Under both of these scenarios (b and c), L. tu-
lipifera had lower Aday enhancement than the other spe-
cies (Fig. 6b, c) and no longer had the highest elevated
CO2 Aday. Indeed, the model results predict that the two
shade-tolerant species, C. florida and A. rubrum, would
see the greatest benefit from elevated CO2 under low
PFD (Table 3). These predictions agree with findings
that shade-tolerant species tend to have greater photo-
synthetic and growth enhancements under elevated 
CO2 than shade-intolerant species (Kerstiens 1998;
Hättenschwiler and Körner 2000).

Our predictions of Aday under ambient CO2 raise the
question of why L. tulipifera, the least shade tolerant of
the species we studied, would have the highest Aday. This
species typically shows high understory mortality in the
absence of forest gaps (Baker 1949; Burns and Honkala
1990), and will never reach maturity in typical understo-
ry shade conditions. There are three major reasons why
higher leaf-level C uptake may not directly translate into
higher growth or survival. First, the models were param-
eterized from data collected early in the growing season
under ideal environmental conditions and run on PFD
data from a sunny day. However, in North Carolina sum-
mer days are often partly cloudy and under these condi-
tions sunflecks are less frequent and therefore become
less important to Aday. Thus, our model predictions
should be viewed as upper-limit estimates of Aday. Sec-
ond, drought can be common in southeastern forests and
conditions may not be as favorable during the growing
season as they were during parameterization measure-
ments. L. tulipifera responds to reductions in soil water
potential with greater stomatal closure than A. rubrum
and L. styraciflua (Roberts et al. 1979; Croker et al.
1998; Pataki 1998) and early, partial leaf senescence
(Burns and Honkala 1990; E. Naumburg, personal obser-
vation). Thus, environmental factors not explicitly con-
sidered in this study could differentially affect the com-
peting species in our study and reduce the seasonal C
balance of sensitive species such as L. tulipifera.

Third, leaf-level C uptake is only one component of
whole-plant C balance (Körner 1991; Lambers and Poor-
ter 1992; Walters et al. 1993; Walters and Reich 1996,
1999). Plant allometry such as allocation to leaves or the
leaf area ratio (ratio of plant leaf area to total biomass)
together with whole-plant respiration can have a large
impact on growth and survival under low light (Walters
et al. 1993; Walters and Reich 1996; Kitajima 1994; 
Huante and Rincon 1998; Naumburg et al. to be pub-
lished). Shade-tolerant and intolerant species tend to dif-
fer in these characteristics with shade-intolerant species
generally having higher allocation to leaves and higher
leaf area ratios (Veneklaas and Poorter 1998; Walters and
Reich 1999). These traits would contribute to higher
growth potentials in shade-intolerant species in moderate
to high light environments, but also to higher whole
plant respiration (Walters and Reich 1996, 1999; Poorter
and Lambers 1992). Shade-intolerant plants may prefer-
entially allocate more C to growth than storage and thus

increase the chance of adverse events that decrease C up-
take (e.g., defoliation, drought) leading to mortality
(Walters and Reich 1999). Indeed, many shade-intolerant
species show lower survivorship than tolerant species for
a given rate of stem growth (Kobe et al. 1995; Kobe and
Coates 1997). Thus, despite an advantage in leaf-level
daily C uptake by L. tulipifera compared to co-occurring
species, this alone may not necessarily lead to greater
survival or a successional advantage over the other spe-
cies. In fact, L. tulipifera is the only one of the four hard-
wood species studied in which we have observed sapling
mortality in the three years since the start of the FACTS-
1 experiment (E. Naumburg, unpublished data).

The species in our study have only shown small pho-
tosynthetic adjustments in their photosynthetic capacity
and dynamic responses to elevated CO2 (Naumburg and
Ellsworth 2000; DeLucia and Thomas 2000) unlike tree
seedlings and saplings in many other studies (Gunderson
and Wullschleger 1994; Saxe et al. 1998; Curtis 1996).
Because of this, Aday photosynthetic enhancement ratios
for three of the four species were in the range of 2 or
greater. Having such large enhancement ratios could be
crucial for plants to survive in these low PFD environ-
ments irrespective of their allometry, since low Aday dur-
ing sunny days could easily be zero or negative for days
when understory radiation is reduced due to weather
conditions and overstory leaf area dynamics. Conse-
quently, even small photosynthetic adjustments under el-
evated CO2 could have profound impacts on individual
species’ performance in marginal understory sites be-
cause these differences do not only compound on a daily
but also on a seasonal basis.
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Appendix I

We employed the dynamic model of photosynthesis of Pearcy et
al. (1997) in our understory tree photosynthesis simulations. The
model is a modification of the commonly used Farquhar photo-
synthesis model formulation (Farquhar and von Caemmerer
1982) and includes parameters representing light-induced activa-
tion and deactivation of key photosynthetic enzymes, and metab-
olite pools that mediate stomatal dynamics during sunflecks. The
model consists of two major modules (stomatal and biochemical)
described below. The stomatal module computes the light-mediat-
ed stomatal conductance to water vapor (gw) which is used to pre-
dict leaf internal CO2 concentration (ci) in an iterative fashion us-
ing the stomatal conductance to CO2 (gc) calculated from gw
along with outputs from the biochemical model. The variables
and symbols used here are defined in Table 1. Each of the differ-
ential equations in the model was solved using the 4th order
Runge-Kutta method.
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Stomatal module

For each PFD input value, the model calculates the equilibrium
stomatal conductance to water vapor (gw eq) first:

(1)

where gw sat is light-saturated stomatal conductance to water vapor,
αg is the initial slope of gw light response, θg is a curvature para-
meter.

Dynamic stomatal responses to changes in PFD are then mod-
eled using three equations by mimicking processes in the guard
cells. The first equation is based on a biochemical signal (b) that
triggers stomatal opening and closing. The second equation repre-
sents the subsequent influx/efflux of osmotica (k) in guard cells
and the third the movement of water (w) into and out of the guard
cells. The equations generate relative values ranging between 0
and 1. Depending on whether gw eq/gw sat is smaller or larger than
the biochemical signal value calculated in the previous time step
[b(t–1)], either the equation for a increase or decrease of b is used:

(2)

or

(3)

where τgi is a time constant for a biochemical opening signal and
τgd is a time constant for a biochemical closing signal. This value
of the biochemical signal is then used in the osmotica equation:

(4)

where τgk is a time constant for osmotica in-/efflux. The value for
osmotica is in turn used in the water equation:

(5)

where τgw is a time constant for water in-/efflux.
Finally, w(t) directly translates into stomatal conductance to

water vapor via:

(6)

which is used along with Anet output by the biochemical module to
predict ci.

Biochemical module

Equilibrium values of variables Vc, Vf, and Vj are calculated for
the input light value using a non-rectangular hyperbola similar to
Eq. 1. Vj is assumed to be responding instantaneously to changes
in PFD whereas Vc and Vf have time constants for activation and
deactivation associated with them. Values of Vc and Vf for the cur-
rent time step t are calculated equivalently to the stomatal parame-
ters (see Eqs. 2, 3). Using these parameters and the ci of the previ-
ous time step (t–1), an approximate value of Wc, the ribulose-bis-
phosphate-saturated rate of carboxylation, and approximate values
of the pool sizes of T, R, and G are calculated:

(7)

where [O2] is the pressure of O2 (21,000 Pa)

(8)

(9)

where Γ* is CO2 compensation in the absence of photorespiration.

(10)

Using these values, a first approximation of Anet during the current
time step can be calculated:

(11)

Anet can also be calculated using the Fick’s law equation:

(12)

which uses gc, the stomatal conductance to CO2 input by the sto-
matal module, and atmospheric pressure, Patm. Substituting Eq. 7
into Eq. 11 and setting Eqs. 11 and 12 equal yields the following:

(13)

where Y should be zero. Given the current values for R and G, the
program iteratively finds a ci that meets this criterion. This newly
estimated ci is then used to determine new values for Wc, T, R, and
G using Eqs. 7–10 for the current time step. This loop is repeated
until the solutions of Eqs. 11 and 12 converge.

For the steady-state photosynthesis model, the dynamic model
above is used where time constants (τ) are set to zero, and only
Eq. 12 is solved for ci. Again, this intermediary ci was used to re-
calculate Wc, T, R, and G. We chose this solution because unlike
the dynamic model ci can jump dramatically with each new PFD
reading so that using Eq. 13 is too computationally demanding.
Both methods provided stable solutions.
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