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Gas exchange of one-year-old silver birch (Betula pendula Roth.) seedlings of bored
habitat was studied in laboratory conditions. Seedlings were exposed to stepwise
changes in CO, concentration and irradiance in five constant temperatures ranging
from 9 to 33 °C. The Farquhar biochemical model was fitted to the response curves.
Values for the photosynthesis parameters J, and V. as well as their temperature
dependences were derived from the measurements. Following characteristics of the
boreal growth conditions, the response curves were determined also at temperatures
below 20 °C. Thiswas, indeed, reflected to photosynthesis parameters, though results
showed relatively large variation due to differences among leaves. The gas exchange
rates of separate leaves could vary by 40% and also the temperature dependences
were dlightly different. The slope and curvature of the light response curve were
relatively constant above 19 °C and decreased at low temperatures.

measured leaf CO, exchange rates. Certain pa-
rameters of the model have to be fitted casewise.

The gas exchange of leaves is a fundamental
process in nature studied in depth for decades.
Farquhar et al. (1980) introduced a biochemical
model for photosynthesis that combines leaf
level gas exchange to biochemical processes in
chloroplasts. During last years, the model has
become widely accepted as atool for explaining

These parameters can sometimes be more gener-
aly accepted to describe the species if there
simultaneously exists awareness of limitations
that can be imposed by growth conditions or
specific treatments (e.g. Paakkonen et al. 1998,
Maurer et al. 1997, Ruuska et al. 1994, Ovaska
et al. 1993).
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Biochemical model parameters for Betula
pendula have been estimated and their changes
studied by e.g. Rey and Jarvis (1998), Kramer
(1995), and Wullschleger (1993) who used meas-
urements of Matyssek et al. (1991). These studies
cover the changes of parameters dueto increasing
CO, concentration and over growing season. In-
vestigations of the temperature dependence of the
parameters are, however, missing. There exists a
clear need for determining temperature depend-
ences of the parameters, since thereis evidence of
differing responses among species (Walcroft et
al. 1997). Further, these parametrizations are es-
sential for studies on plants acclimating to in-
creasing CO, concentration, as along with bio-
chemical changes the temperature dependence of
photosynthesis may change aswell (e.g. E. Juuro-
laand P. Hari unpubl.).

In this work, we have determined the tem-
perature dependence of Vs and Jy for ma-
ture Betula pendula leaves grown in sufficient
fertilization and ambient meteorological (ample
light) conditions in boreal habitat. In particular,
we have examined the behavior of the parame-
ters also below 20 °C, a range often omitted in
many current parametrizations made for plants
of southern habitat but which is of crucial im-
portance in northern latitudes. The irradiance
and CO, concentration responses were measured
separately in order to obtain al the parameters
of theirradiance curve.

Materials and methods

One-year-old nursery-grown silver birch (Betula
pendula Roth.) seedlings (clones, origin Vakea
koski, Finland) were utilized for gas exchange
measurements. The seedlings were planted on 3
June 1998 in eight-liter buckets in a mixture of
fertilized peat and sand (2:1, vol:vol). The seed-
lings were grown outdoors and exposed to ambi-
ent variation in light, temperature and air humidi-
ty. The gas exchange measurements were per-
formed between 27 July and 5 August 1998 in
laboratory conditions. Experimental material
consisted of hedthy, fully-grown leaves chosen
from the top of the seedlings.

To measure gas exchange, an attached |eaf
was enclosed in a small thermostated cuvette
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(volume 18 cm?®) with a constant airflow
(12 dm?® min?) through it. Dry, CO, free air was
used as a base gas. The total airflow through the
system was regulated with mass flow controllers
(5850TR, Brooks Instrument B.V. Netherlands),
as well as the injection of CO,-rich gas (20%
CO,, 80% N,). Water vapor, generated with a
dew point generator, was controlled by asimilar
mass flow controller. The CO, and water vapor
concentrations were measured with two IRGAs,
infrared gas analyzers, (URAS 3G, Hartmann &
Braun AG, Germany). The CO, exchange was
obtained from the concentration difference be-
tween the incoming and outgoing air. For light
curves and temperature responses the CO, ex-
change was measured separately with adifferen-
tial IRGA (URAS 3G, Hartmann & Braun AG,
Germany). The light was produced by adaylight
lamp (Metallogen HMI, 1200 W/GS, OSRAM
GmbH, Germany) and its intensity measured
with a PAR sensor (Delta-T Devices, UK). The
temperature inside the cuvette was regulated
with a control system (computer guided control -
ling devices Lauda R22 MGW and Lauda RC6
MGW, Kdnigshofen, Germany), and was ascer-
tained by two thermocouples. Ambient room
temperature was not controlled, but it stayed
relatively stable at about 24 °C. In addition to
the throughflow a fan circulated the air inside
the cuvette reducing the leaf boundary layer
resistance, which was estimated using wetted
filter paper as leaf replica and following the
procedure by Parkinson (1985). The temperature
of the leaf was estimated from the energy bal-
ance as in Hall et al. (1993). The leaf area was
determined graphically and the gas exchange
results were expressed on total leaf area (one-
sided) basis.

For the response curves three leaf replicas
were used, each from adifferent seedling. Prior to
the measurements the leaf was acclimated to
saturating irradiance (1500 pmol m? s?1) and
measurement temperature for half an hour. The
CO, concentration in the cuvette was gradualy
decreased from 360 ppm to about 20 ppm
through five steps, increased back to 360 ppm and
then the leaf was allowed to acclimate for at least
five minutes. After that the concentration was
increased to about 1000 ppm through five steps.

Each step took 180240 s of stabilizing time
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and 180 s of recording time. Transpiration and
conductance increased steeply at low CO, con-
centrations indicating stomatal opening. The con-
ductance usualy decreased near to the origina
level during measurements in high concentra-
tions. After the measurement of the assimilation
vs. CO, curve the CO, concentration was about
1000 ppm. The irradiance response of the CO,
assimilation rate was measured in these condi-
tions by decreasing the PAR level from
1800 pmol m? s'down to 2-5 pmol m?2 st
through 12 steps. The total time for acclimation
to saturating irradiance before measuring theirra-
diance response curve was over 1.5 hours. These
two response curves were measured at five (leaf)
temperatures (9, 14, 19, 25 and 33 °C). Findly,
the temperature response of dark (non-photores-
piratory) respiration rate was measured by setting
the irradiance to 2-5 umol M2 s, CO, level to
360 ppm and changing the temperature from 9 to
33 °C through ten steps each lasting for about half
an hour. The CO, assimilation rate was measured
using the same method and setting the irradiance
level to 900 pmol m? s and CO, to 360 ppm.

The data were analyzed with Matlab 5.2. The
packages used in fitting procedures utilized the
Nelder-Mead ssmplex search algorithm (Nelder
and Mead 1965) for minimizing functions of
several variables and the golden section search
and parabolic interpolation agorithm for mini-
mizing functions of one variable. The factor to be
minimized was the square of the norm (largest
singular value) of the error matrix. The error
matrix (or vector in this case, thus the factor
corresponds to error-weighed RMS-value) was
caculated as modelled values minus measured
values and the result was divided by the error of
the measurement. For example, for assimilation
rate calculations the error of the measurement
was assumed to equal 5% of measured flux value
+ constant (0.5 umol m2s?)

Biochemical model

The model of Farquhar et al. (1980) was utilized
in a form presented by Harley and Badocchi
(1995) and Lloyd et al. (1995). According to the
model the CO, carboxylation rateislimited either
by RuBP (ribulose 1,5-bisphosphate) regenera-
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tion or Rubisco (ribulose 1,5-bisphosphate car-
boxylase/oxygenase) activity. A third option
would be rate limitation by nutrient availability,
but it can be ignored here since the seedlings
were sufficiently fertilized. The net rate of CO,
exchange equals the rate of carboxylation minus
photorespiration minus dark respiration. It can be
written as

A =min(A, A) (1)

where A is the RUBP regeneration limited rate
of the net CO, exchange and can be written as
(Lloyd et al. 1995)

(c.-r.)
=_\1 "] _ (2)
A 4(c, +2r.) b

and A, is the net Rubisco-limited rate (Lloyd et
al. 1995):

A\: Vc(max) kc(l+0 ko)+0.
In Egs. 2 and 3 V) IS the maximum rate of
carboxylation with non-limiting RuBP and CO,
and with full activation of Rubisco, J is the
potential electron transport rate (related to the
potential rate of carboxylation as stated by von
Caemmerer and Farquhar 1981), R, is the rate of
non-photorespiratory respiration, k. is the Micha-
dis-Menten constant for CO,, k, isthe Michadlis-
Menten constant for O,, I'. is the CO, compensa
tion point in the absence of non-photorespiratory
respiration, o is the oxygen concentration in
chloroplasts and ¢; is the carbon dioxide concen-
tration in chloroplasts. ¢ was assumed to equa
the CO, concentration in the intercellular airspac-
es, avariable which can be quantified by simulta-
neous transpiration and CO, exchange measure-
ments (von Caemmerer and Farquhar 1981).
According to Lloyd et al. (1995) (see also
Farquhar and Wong 1984) the dependence of J
onirradiation (I,) can be written as

R

J _ qIO + ‘]max _\/(qlo +‘]max)2 - 4Oq|0‘]max
- 20
where J., is the maximum of the éectron

transport rate, q is the effectivity factor for the
use of light and © is the convexity of the curve.

(4)
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© and q were estimated from current measure-
ments.

The Arrhenius type of relationship presented
by e.g. Harley and Baldocchi (1995) was used
for temperature dependences of certain parame-
ters:

) (T-20815)0 )
= s pB 298.15RT H

where f denotes the parameter, i.€. Vymag, Ry Ko
or k,, and E; is the activation energy of the
specific parameter. The following equation (see
list of symbols in Appendix) was used for J..
(Lloyd et al. 1995, Farquhar et al. 1980):

[F,(T/298.15-1)0

Bexpg >
p = 0

0 0
J = . (6)
max (BT-H.O

1
"0 Rt B

Temperature dependences of Jya, Vomay and
R, were estimated from current measurements.
Temperature dependence of I'. in Egs. 2 and 3
was adopted from Brooks and Farquhar (1985).

Model parametrization

The model was parametrized using measure-
ments of carbon assimilation responses for inter-
cellular CO, and irradiance and measurements
of dark respiration rate.

Non-photorespiratory respiration in light
and dark

Non-photorespiratory respiration rate was deter-
mined from measurements of carbon production
rate in total darkness in ten different tempera
tures. The conductance decreased dightly in high
temperatures, but the production rate was corre-
lated with temperature more strongly than with
the conductance. Non-photorespiratory respira-
tionratein dark from zero irradiance pointsin A/l
curves also agreed with these measurements.
Non-photorespiratory respiration rate in light
(Ry) was determined from three to five lowest
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points of Alc curves by fitting a straight line
through measurement points. The conductance
increased towards lower CO, concentrations in
several cases. The measurement cycle appeared
to be too fast to attain equilibrium between
assimilation rate and increasing conductance at
each step leading to high exchange rates at low
concentrations. R, was therefore determined from
selected measurements where conductance did
not change more than 20% during the first part of
the cycle and for the rest of the curves the two
lowest points were abandoned. Non-photorespi-
ratory respiration in dark appeared to berelated to
R, by afactor of 1.41. The transition to daylight
values was assumed to occur sharply at
10 pmol m2 st (according to eg. Lloyd et al.
(1995) the non-photorespiratory respiration in
dark and Ry are equa below that limit). Vaues
for R, are aso in accordance with the relation
suggested by Collatz et al. (1991):
Ry = 0.015Vna. According to our measurements
Ry = 0.017V ey @ 25 °C. The temperature re-
sponse of R, was assumed to be similar to that of
the non-photorespiratory respiration in dark. Val-
ues for the parameters in the temperature depend-
ence function for R, (Eq. 5) are presented in
Table 1.

Jnax @nd other parameters related to the
irradiance curve

Parameters in Eq. 2 were fitted using measured
AJl-curves. Since there are too many free param-
eters to reiably fit simultaneously (Jy.. g and
©) the problem was divided into parts. g, the
initial slope, was solved first keeping © constant
and weighing measurements near the irradiance
compensation point. At 19 °C and above that q
was very stable (near 0.16) but at the two lowest
temperatures (9 °C and 14 °C) g was clearly
lower (see points just above zero in Fig. 1). In
order to attain a good fit, q had to be expressed
as afunction of temperature (see Table 1).

A similar conclusion was drawn for the cur-
vature factor ©. © was solved from the whole A/
research material using the estimation abovefor g
and freely varying J..... At 19 °C and above that
© was quite constant showing only small increase
(0.901 0.92) but at the two lowest temperatures
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the mean exchange rates.

(9 °C and 14 °C) the A/l curve was smoother and
© had to be strongly modified. The temperature
dependence of ® was smoothed over the meas-
urement range for best possible fit to data points
resulting in the egquation presented in Table 1.
Vaues of g were also verified using new estima-
tion for ©. For g and © there were no large
differences among leaves.

After q and © were fixed, J..» Was solved at
each temperature for every leaf separately and
for the three leaves together using Eq. 2. To

1 1 1 1 1 1
600 800 1000 1200 1400 1600

Irradiance [umol m—2s~1]

1800

confirm the result, J,., was also evaluated from
the four last points of the A/c-curves where c;
was above 500 pumol mol=. The results were
very similar for both sets of curves. The temper-
ature dependence of J,,,,, was adopted from EqQ. 6
and parameters E;, S, H; and B (Table 1, Appen-
dix) were determined from results for J,, at
different temperatures (see resulting fit in Fig.
2). J. Showed quite large variability among
leaves. The parameter B is related to the fre-
quently used J,,.. 205« (Se€ Appendix). The corre-

Table 1. Values for biochemical model parameters in Eqgs. 4-6 fitted from measurements with Betula pendula
Roth. leaves. Error estimate corresponds to variation among parameters fitted for each leaf separately. T is
temperature in °K. *: R, must be multiplied by 1.41 in totally dark conditions (< 10 umol m2 s™). Fit for tempera-
ture dependence of J,,., should be used only below 307 °K and for © and g only above 280 °K.

Parameter Value Error
E 370 000 J mol* 20%
S 1245.5 J mol* K1 18%
H; 350 000 J mol* 19%
B 381 700 pmol m=2 s 40%
E\egmax) 64 500 J mol* 12%
Vimax), 208 26.7 umol m=2 s 29%
Epg 26 000 J mol 9%
Ry 208 *0.44 pmol m=2 s 14%
q 0.162 — exp(—0.209T + 56.5) 8% (298 °K)
] 0.930 — exp(-0.01462872 + 8.2336 T — 1158.8) 3% (298 °K)
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Fig. 2. Temperature de-
pendence of J,. Cir-
cles are values of J,.
deduced from meas-
! ured A/l curves at differ-
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Temperature [°C]

sponding values for Jy,.20« Were in the range
(55.4-93.4) umol m=2 s depending on the indi-
vidual leaf.

The resulting fit for Eq. 2 using new estima-
tions for parameters q, © and J,.,, and Ry was
used to determine the rate of CO, exchange at
the five measurement temperatures (Fig. 1). The
model performed best at high temperature and
moderate irradiance conditions, but also in other
conditions the curves stayed inside the range
determined by the leaf to leaf variation.

Maximum rate of carboxylation (V;max)

Vemag Was estimated from A/c curves using R
independently obtained from the same curves.
Eqg. 3 wasfitted to the lower part of the curve and
Vemay Was solved (assimilation rate appeared to
be limited by J., a concentrations above 400—
500 pmol mol™). Vyma Was fitted for leaves
separately and for the whole research material,
one Vymay 10 each temperature © (Figs 3 and 4).
The resulting temperature dependences of
Vemax fOr different leaves agreed quite well with
each other. The functional form of Eqg. 5 was
easily adopted (Fig. 5). Some uncertainty en-

25

30 35 ent temperatures and
solid line the fit.

tered to results through quite large variability in
leaf gas exchange levels (max. 40% differences
between leaves, see also variation in Vg, in
Fig. 5) suggesting that the requirement of alarge
number of replicas would have been justified.
However, as we wanted to determine the envi-
ronmental responses in the end of the growth
season, but before the offset of photosynthesis,
while the seedlings were in the same growth
phase, the measurements had to be completed in
a short time. Values for parametersin Eq. 5 for
Vemax are presented in Table 1.

Comparison to measurements at ambient
CO,

The parametrization was tested against steady
state temperature responses at ambient CO,
measured using the same leaf material. Irradiance
was set to 900 pumol m? s and the temperature
was increased from 9 to 33 °C through 10 steps
each lasting for half an hour. The model showed a
very similar temperature response in comparison
to the measurements (Fig. 6). According to the
maodel, the temperature maximum is near 25 °C
because of the decreasing conductance at high
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temperatures. Under conditions allowing the con-  high according to the model, but the leaves also
ductance to be constant it would be dightly  differ from each other by over 30%, suggesting
higher. The CO, exchange level was relatively  large variability in the material.
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Discussion and conclusions

Jmax ShOWed quite large variability among leaves
(over 40%, see Fig. 2). The mean values for J
are somewhat lower than estimates for Betula
pendula by Rey and Jarvis (1998) or the value

leaves.

used by Wullschleger (1993) but on the other
hand e.g. Maurer et al. (1997), Pa&kkonen et al.
(1998) and Ovaska et al. (1993) measured simi-
lar relatively low levels of gas exchange using
young Betula pendula clones. The fitted func-
tion for the temperature dependence of J,,, was
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found to be continuously increasing (Fig. 2),
while others have often found a maximum in the
Jmad T-CUrVe (e.g. Walcroft et al. 1997). Here the
maximum can not be located, possibly due to
sparsely located measurement points in the re-
gion. The region of validity for the fit is there-
fore strictly limited to temperatures below 34 °C.
A good fit of Eq. 6 with various free parameters
requires several measurement points. More
points would have been needed in the present
work especialy in the temperature range be-
tween 20 °C and 35 °C.

Our model parameter q is the quantum yield
of electrons/quanta dependent on the leaf reflect-
ance, absorptance and the spectral imbalance for
use of light (Lloyd et al, 1995, Evans, 1987). It
was found to be quite constant a high tempera-
tures and clearly lowered at 9 and 14 °C. Accord-
ing to the literature, the apparent quantum yield
(mol CO,/mol quanta) usually decreases with
rising temperature and increases with increasing
CO, concentration (e.g. Cannell and Thornley
1998). At saturating CO, concentrations, the ap-
parent quantum yield is amost constant over a
wide range of temperatures (Cannell and
Thornley 1998). Our modelled apparent quantum
yield (at typica ¢ of 250 pmol mol-?) increased
up to 21 °C due to the observed low temperature
effect in g, then turned to a dight decrease due to
an increase in respiration and competitive inhibi-
tion of oxygen causing a decrease in the carboxy-
lation rate of RUBP (included in the basic model
structure). Studiesat ¢, of 700 umol mol-* showed
a higher apparent quantum yield which only
decreased in temperatures above 25 °C. Our
estimations generally agree with earlier results,
but the reason for low values a 9 and 14 °C
remains to be solved. For example, Leverenz and
Oquist (1987) found low quantum yields in cold-
tolerant pine (below 5 °C) due to low temperature
stress suggesting the possibility for sensitive re-
sponse to environmenta stress factors also in our
measurements.

Our estimations for the curvature ® showed
a decrease at 9 and 14 °C and a quite constant
level at high temperatures (© = 0.9-0.92). O is
often considered to be an entirely empirica
factor determined by curve fitting (e.g. Cannell
and Thornley 1998) but it has also been found to
depend on the amount of chlorophyll, the gradi-

e Parametrization of a biochemical CO, exchange model for birch 61

ent in light absorption and photosynthetic capac-
ity in leaves and maybe also the partial pressure
of CO, (Leverenz 1988, Ogren and Evans 1993,
Evanset al. 1993). A typical © foraC3 plantis
near 0.97 (e.g. Terashima and Saeki 1985) and it
should be relatively independent of temperature
for an un-stressed leaf between 5 °C and 32 °C
(Leverenz 1988). However, for a light-stressed
leaf © can be lowered due to photoinhibition
(Leverenz et al. 1990), and according to Te-
rashimaet al. (1991) simultaneous low tempera-
ture and light treatment can increase stress and
cause uncoupling of the thylakoids in chilling-
sensitive plants. The low © values observed in
this study at 9 and 14 °C can thus be due to
stress caused by light and low temperature. The
same appliesfor g.

The Vma results (Fig. 5) agree with J,
levels (Jnad Vomag=2.6 at 25 °C) and are dightly
lower than corresponding estimates in the litera-
ture. At 22 °C our vaue for Vi, is 20 pmol m? st
while Ruuska et al. (1994) gave an estimate of
about 26 pmol m2 s for Betula pendula, Rey
and Jarvis (1998) 22 umol m2 st at 21 °C and
Woullschleger (1993) 34 umol m? st at 20 °C.
Our leaf to leaf variation exceeds 30% which
indicates variation of at least + 3 umol m2stin
the Vymay Value at 22 °C. Vs Was constantly
increasing when temperature was increased. The
results indicated only minor corrections to pa-
rameters of the classical response function (e.g.
Lloyd et al. 1995).

Values obtained for Ry (Table 1) are aso
typical for a deciduous tree (e.g. Harley and
Baldocchi 1995). According to our parametriza-
tion the CO, compensation concentration in the
presence of dark respiration (G ) for Betula
pendula was 42.5 pumol mol™? at 20 °C. For
comparison, according to measurements by Ru-
uska et al. (1994) it was near 30 umol mol at
22 °C and 45 pmol mol= by Pettersson and
McDonald (1992) at 20 °C. G of 30 umol mol
seems quite low for 22 °C, sincel". , compensa-
tion point in the absence of non-photorespirato-
ry respiration, is already 39 pumol mol= at 22 °C
(Brooks and Farquhar 1985) suggesting that I
should be even higher. Lloyd et al. (1995)
assumed that R, experiences variations accord-
ing to irradiance aso at high light intensities,
but in this context it is impossible to verify.
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Instead, we have utilized the usual assumption
of sharp change to dark respiration at irradiances
below 10 umol m2 st (e.g. Lloyd et al. 1995).

The verification of parametrization against
steady-state temperature response at ambient CO,
of 360 pmol mol= showed good results. The
model predicted the temperature maximum cor-
rectly when compared to the independently meas-
ured response curve (Fig. 6). The three leaves
showed extensive variation in the level of gas
exchange. The variation was not largely due to
changes in conductance (or changes in conduct-
ancewere aike), because the modelled curve was
similar for every leaf.

As a conclusion, the model represented the
responses of single birch leaves to changing
temperature, irradiance and CO, concentration
with adequate precision. This parametrization
for photosynthesis of birch leaves can be used as
a submodel in models describing boreal zone
ecosystem functioning or utilized for smaller
scale studies on leaf level photosynthesis. How-
ever, care must be taken when applying respons-
es of leaves in seedlings to leaves in canopies
and old trees (see e.g. Yoder et al 1994, Kelly et
al. 1995).

The current parametrization for birch will be
utilized in the near future for construction of a
three-dimensional transport model for CO, and
H,O molecules inside a leaf with explicitly
described mesophyll cells and air spaces (see
Adto et al. 1999). Modelling results will be
compared to measurements of localized CO,
uptake in mesophyll cells. The present birch
parametrization will describe the biochemical
sink for CO, in chloroplasts. Further on, the
problems of connecting a leaf-level area-based
description of photosynthesis and an actua 3D
description of sinks in atransport frame will be
considered and the consequences to the photo-
synthesis model parameters clarified.
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Appendix. Definitions and literature values for parameters in biochemical model.

Symbol Definition and units Value

A CO, assimilation rate (umol m= s?)
A, Rubisco-limited rate of assimilation (umol m=2 s1)
A RuBP-regeneration limited rate of assimilation (umol m=2 s1)

U 98§ -H.
B Constant J x A +ex P (umol m=2 s7)
EF max, 208 % p 298R %

G CO, concentration in intercellular spaces (umol mol?)
E; Activation energy (J mol)
E, Activation energy for RuBP-regeneration limited assimilation rate (J mol™?)
E Activation energy for k. (J mol?) 80 5009
E Activation energy for k, (J mol?) 14 5009
Erg Activation energy for respiration (J mol™)
Eymay Activation energy for Rubisco-limited assimilation rate (J mol™)
H Deactivation energy for RuBP-regeneration limited assimilation rate (J mol?)
Iy Incident irradiance (umol m=2 s1)
J Potential rate of electron transport (umol m=2 s1)
imax Maximum rate of electron transport (umol m=2 s7?)
K. 208 Michaelis-Menten constant for CO, (umol mol?) 275
Ko.208 Michaelis-Menten constant for O, (umol mol?) 420000?
o O, concentration in intercellular spaces (umol mol™) 210 000
q Effectivity factor for the use of light (mol e7/mol quanta)
R Gas constant (J mol K1) 8.314
Ry Non-photorespiratory respiration (umol m=2 s™)
S Entropy of the denaturation equilibrium for RuBP-regeneration limited assimilation
rate (J mol* K7?)
T Temperature (K)
Vimax Maximum rate of carboxylation (umol m= s?)
I 208 CO, compensation point in the absence of non-photorespiratory respiration (umol mol?) 319
(€] Convexity factor of the light response curve

3 Harley and Baldocchi (1995) and ® Brooks and Farquhar (1985)



