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Summary

The steady-state C3 model of photosynthesis originally developed by Graham Farquhar et al. (1980)
and subsequently modified by others describes responses of leaf carbon assimilation to environmental
variation. This mechanistic model states that photosynthesis will be limited by the slowest of three
biochemical processes: (1) the maximum rate of Rubisco-catalyzed carboxylation, (2) the rate of ribulose
1,5-bisphosphate (RuBP) regeneration via electron transport (J ), or (3) the rate of RuBP regeneration
via triose phosphate utilization (TPU). Each of these processes is modeled with parameters that have
different responses to temperature; therefore accurate temperature functions are vital to model photosyn-
thetic responses accurately, and they are critical to predict plant ecosystem responses to future predicted
increases in temperature and CO2. Temperature functions used for modeling are frequently derived
from Arrhenius equations, which describe changes in rate constants with temperature. Rubisco-limited
photosynthesis is modeled using five parameters: two describe enzyme kinetics of carboxylation (Vcmax
and Kc), one accounts for photorespiration (Ko), one for Rubisco specificity for CO2 vs. O2 (Γ ∗) and
one for mitochondrial respiration (Rd). At light saturation and current atmospheric CO2 concentration,
photosynthesis is usually carboxylation-limited. Two of the above parameters, Γ ∗ and Rd, are also used
to model the rate of RuBP regeneration and follow the same temperature functions. The maximum rate
of electron transport (Jmax) is needed to model RuBP regeneration, which is particularly important at
sub-saturating irradiance, higher temperatures, or supra ambient CO2 concentrations, and is estimated
by fitting the response of potential electron transport to light. Unlike the parameters that are dependent
on the relatively conserved kinetic properties of Rubisco enzyme, electron transport is sensitive to
environmental variation and can vary widely even within species. Triose phosphate limitation can occur
at high CO2, low O2, high irradiance, or low temperature and is generally difficult to anticipate in
field based experiments. Finally, consideration should be given to the supply of CO2 to the site of
carboxylation mediated by mesophyll conductance (gm) when modeling photosynthetic responses to
temperature, as gm has been shown to vary with temperature, among species and growth conditions.

Abbreviations: A – net CO2 uptake rate (μmol m−2 s−1);
c – scaling constant (unitless); C − CO2 concentration
(μmol mol−1); Cc − CO2 concentration in the chloroplast
(μmol mol−1); Ci − CO2 concentration in the leaf inter-
cellular airspaces (μmol mol−1); gbl – boundary layer
conductance (mol m−2 s−1); gm – mesophyll diffusion con-
ductance (mol m−2 s−1 bar−1); gs – stomatal conductance
(mol m−2 s−1); Jmax – maximum light saturated rate of
electron transport (μmol m−2 s−1); Kc – Michaelis constant
for carboxylation (μmol mol−1); Ko – Michaelis constant
for oxygenation (mmol mol−1); O – oxygen concentration
(mmol mol−1); Q – photon flux density (μmol m−2 s−1);
R – universal gas constant (J K−1 mol−1); Rd – respiratory
CO2 released via mitochondrial respiration in the light
(μmol m−2 s−1); Vc,max – maximum rate of carboxy-
lation of Rubisco (μmol m−2 s−1); Vo,max – maximum
rate of oxygenation (μmol m−2 s−1); �Ha – energy
of activation (kJ mol−1); �Hd – energy of deactivation
(kJ mol−1); Γ ∗ – photosynthetic CO2 compensation point
(μmol mol−1); ΦPSII – the maximum quantum yield of
electron transport (unitless); Θ – the convexity of the
transition between the initial slope and the plateau of the

I. Introduction

The steady-state mechanistic model of C3 pho-
tosynthetic carbon assimilation of Farquhar
et al. (1980) is fundamental for predicting
leaf responses to environmental variation (Long,
1991). This model provides the basis for scaling
carbon uptake from leaves to canopies (Wang and
Jarvis, 1990; Amthor, 1995; Lloyd and Farquhar,
1996; dePury and Farquhar, 1997; Wittig et al.,
2005), ecosystems (Field and Avissar, 1998) and
landscapes (Sellers et al., 1996, 1997). The leaf-
level photosynthesis model is also a key compo-
nent of earth system models (Cramer et al., 2001).
Photosynthesis provides the ultimate source of
energy for all organisms within terrestrial ecosys-
tems, and models are currently available to pre-
dict how photosynthesis is altered by change

hyperbola (unitless); Ω – the range of temperature in which J

falls to e−1 = 0.36 from its optimum value (◦C); τ – Rubisco
specificity factor (unitless).
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in the environment. Given the importance of
these models, its accuracy over a wide range of
environmental conditions is important for pre-
dictions of carbon uptake over numerous scales
from leaves to the globe. It is particularly crit-
ical that models make accurate predictions over
a wide temperature range, as temperature is
known to influence many aspects of the bio-
chemical and biophysical reactions that deter-
mine rates of photosynthesis (Bernacchi et al.,
2001). Accurate modeling is particularly impor-
tant considering the impact anthropogenically-
induced atmospheric and climate change is
predicted to have on ecosystems around the globe
(Solomon et al., 2007).

Both mean temperature and atmospheric CO2
concentration are expected to continue increas-
ing during the twenty-first century; therefore pre-
dicting photosynthetic changes in response to the
interactive effects of rising CO2 concentration
and temperature is critical for understanding how
best to manage ecosystems and maximize pro-
ductivity in the future (Brennan et al., 2007).
Growing C3 plants at high temperature gener-
ally leads to a temperature acclimation which
increases the thermal optimum for photosynthesis
(Berry and Björkman, 1980). It is also well
known that elevated CO2 concentration stimu-
lates photosynthesis by increasing the substrate
for carboxylation and by competitively inhibiting
oxygenation leading to photorespiration. There-
fore the predicted increases in CO2 and tempera-
ture over the next century (Solomon et al., 2007)
are expected to have a synergistic effect on pho-
tosynthesis (Long, 1991).

Despite the extensive validation of the C3
photosynthesis model, estimates of the bio-
chemical parameters in the model became
more limiting as temperatures deviated from
25 ◦C and, as originally parameterized, model
accuracy decreased at higher and lower tem-
peratures (Bernacchi et al., 2001, 2003). A
number of studies have been published provid-
ing temperature responses for the parameters
used in the photosynthesis model (McMurtrie
and Wang, 1993; Harley and Baldocchi, 1995;
Bernacchi et al., 2001, 2002, 2003), each with
their specific strengths and weaknesses. The
focus of this chapter is to provide a dis-
cussion of how in the photosynthesis model
of Farquhar et al. (1980) CO2 assimilation rate

responds to changes in temperature, with
emphases on the temperature dependent parame-
ters and the impact temperature has on the supply
of CO2 into the mesophyll. A complete descrip-
tion of the steady-state photosynthesis model
was presented previously (Farquhar et al., 1980;
Von Caemmerer, 2000), and an excellent review
discussing a mechanistic understanding of the
temperature responses of photosynthesis already
exists (Sage and Kubien, 2007). Further, numer-
ous modeling studies utilizing the photosynthesis
models at multiple scales are available (Long,
1991; Harley and Baldocchi, 1995; Sellers et al.,
1997; Wittig et al., 2005).

II. Processes Limiting to C3
Photosynthesis

The C3 steady-state photosynthesis model of Far-
quhar et al. (1980), building upon earlier work
(Berry and Farquhar, 1978), reasons that photo-
synthesis will be limited by the slowest of two
biochemical processes: (1) the maximum rate
of ribulose 1,5-bisphosphate (RuBP) carboxy-
lase/oxygenase (Rubisco) catalyzed carboxyla-
tion (Rubisco-limited) and (2) the regeneration
of RuBP controlled by electron transport rate
(RuBP-limited). The model presented by Far-
quhar et al. (1980) reasoned that the rate of car-
boxylation could not exceed the minimum of
either of these two limitations, although the actual
rate would be lower than either of these. Both
ADP and NADP+, availability of which is depen-
dent on the dark reactions, are required by the
light reactions for the regeneration of ATP and
NADPH. As ATP/ADP and NADPH/NADP+
provide a direct linkage between the ‘dark’
and ‘light’ reactions, the potential limitation
imposed by the Calvin–Benson–Bassham cycle
would likely impact both Rubisco- and RuBP-
limited photosynthesis equally (e.g. Farquhar
and Von Caemmerer, 1982). Therefore, for
the purpose of modeling, it is assumed that
photosynthesis is limited by only Rubisco or
RuBP regeneration (Berry and Farquhar, 1978;
Farquhar and Von Caemmerer, 1982; Chapter 9
of this book by Susanne von Caemmerer, Graham
Farquhar and Josph Berry). A third limitation
to leaf CO2 uptake rate is the rate of inorganic
phosphate release from the utilization of triose
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Fig. 10.1. Schematic representation of a photosynthesis (A)
vs. CO2 concentration (C) response curve at saturating
light, demonstrating the three potential biochemical/
biophysical limitations. Photosynthesis is assumed to oper-
ate at whichever limitation gives the lowest rate. At low
CO2 concentrations, the rate is limited by Rubisco, then by
electron transport, and at very high CO2 concentrations by
triose phosphate utilization (TPU, dotted line)

phosphates, termed TPU- or Pi-limited photosyn-
thesis (Sharkey, 1985).

The rate of carbon assimilation at any point in
time equals the lowest potential rate of the three
potential limitations under prevailing environ-
mental conditions, as typically visualized using
a photosynthetic CO2 response curve (Fig. 10.1).
We note that when chloroplastic CO2 concentra-
tion is at or below the photosynthetic CO2 com-
pensation point (Γ ∗), this assumption no longer
holds. A complexity in modeling photosynthesis
is that both CO2 and O2 compete for the same
active site on Rubisco. Carboxylation of RuBP
results in the assimilation of one molecule of
CO2, resulting in two molecules of phosphoglyc-
erate (PGA), which is a precursor to stored or
transported carbohydrates. Oxygenation of RuBP,
on the other hand, forms one PGA and one phos-
phoglycolate (PGly) (Bowes et al., 1971; Zelitch,
1971). The formation of PGly initiates photores-
piration, where after oxygenation, one CO2 is
eventually released as a by-product (Berry and
Farquhar, 1978; Ogren, 1984). Because CO2 and
O2 compete for the same active site, the mech-
anistic model of photosynthesis relies on the
kinetics of Rubisco regardless of which process
limits photosynthesis (Portis, 1992). The com-
plexity associated with the assimilation of CO2
from photosynthesis and the release of CO2 from
photorespiration is further complicated by simul-

taneous CO2 release from mitochondrial respira-
tion in the light (Amthor, 1995). Each of the three
processes has parameters that follow different
temperature responses, which has traditionally
made modeling photosynthesis with temperature
difficult (Von Caemmerer, 2000). In the following
sections, we will discuss the limiting processes of
steady-state leaf photosynthesis with an emphasis
on the parameters that are temperature dependent.
We will also discuss the temperature functions
commonly employed for each of the parameters
associated with each limiting process.

A. Rubisco-limited Photosynthesis

The equation describing Rubisco-limited photo-
synthesis (Farquhar et al., 1980) is:

A = (1− Γ ∗/C
) ( C · Vc,max

C +Kc(1+O/Ko)

)
− Rd,

(10.1)

where Γ ∗ is the photosynthetic CO2 compensa-
tion point in the absence of mitochondrial res-
piration (μmol mol−1), C is CO2 concentration
(μmol mol−1), Vc,max is the maximum rate of
carboxylation of Rubisco (μmol m−2 s−1), Kc
is the Michaelis constant for carboxylation
(μmol mol−1), O is the oxygen concentration
(mmol mol−1), and Ko is the Michaelis con-
stant for oxygenation (mmol mol−1). The equa-
tion represents Michaelis–Menten kinetics for
an enzyme-catalyzed reaction between a sub-
strate, CO2, and a competitive inhibitor, O2
(Farquhar et al., 1980) with the term (1−
Γ ∗/C) representing the proportion of CO2
that is assimilated relative to the amount of
CO2 that is originally fixed catalytically by
Rubisco. Respiratory CO2 released via mito-
chondrial respiration in the light is denoted
Rd(μmol m−2 s−1). Five parameters used in
the Rubisco-limited photosynthesis model which
represent Rubisco kinetics and mitochondrial res-
piration (Γ ∗, Vc,max, Kc, Ko, Rd) are tem-
perature dependent, and thus the temperature
responses incorporated into the model are critical
for model accuracy (Von Caemmerer, 2000).

The terms Kc, Ko and Vc,max represent
Rubisco enzyme kinetics, and Γ ∗ is derived from
these terms and from the maximum rate of oxy-
genation (Vo,max). Kinetic parameters have often
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been derived from fits to in vitro data, but in
vitro conditions seldom represent those experi-
enced in vivo. For example, changes in temper-
ature have numerous implications for the internal
conditions of the leaf, including pH, which can
alter the activity of numerous enzymes including
Rubisco (Bernacchi et al., 2001). A major chal-
lenge associated with in vivo determination of the
Rubisco kinetics stems from the limited range of
CO2 in which photosynthesis is Rubisco-limited
(Fig. 10.1). The initial portion of the A vs. C
response curve corresponds with Rubisco-limited
photosynthesis and consists of a range of CO2
concentrations below the values of Kc and the
rates below 0.5Vc,max. When fitting parameters
characteristic to the range outside the CO2 limited
one (e.g. Vc,max), small measurement errors can
result in large errors in the derived kinetic param-
eters (Long and Bernacchi, 2003). This results in
statistical challenges, further confounded by the
large number of parameters that need to be solved
(Kc, Ko, Γ ∗, Vc,max and Rd).

Despite the complexities associated with solv-
ing for the values of the five parameters from
the Rubisco-limited photosynthesis, the results
have suggested that the Rubisco kinetic parame-
ters (but not Vmax) are highly conserved among
higher plants (Von Caemmerer, 2000; although
this may not apply for all C3 species and for
all growth conditions, e.g., Galmés et al., 2005).
The term Vc,max will vary among leaves within a
plant, between plants and among species, even at
a standard temperature (Wullschleger, 1993), not
speaking about its temperature-dependence. Val-
ues will depend on the total number of Rubisco
sites active at a given temperature. The number
of Rubisco sites is parameterized by the imposi-
tion of a particular value of Vc,max at a standard
reference temperature. A function normalized to
unity at the reference temperature will allow for
Vc,max values to be determined over a wide tem-
perature range from a value measured at a given
temperature (Farquhar et al., 1980).

1. The Loss of Rubisco Activity at Higher
Temperatures

An idealized curve showing how Rubisco-limited
photosynthesis changes with temperature is pro-
vided in Fig. 10.2. The mechanism responsible
for the observed decline in assimilation above

Fig. 10.2. Modeled photosynthetic carbon assimilation plot-
ted as a function of temperature using the Rubisco-limited
and the RuBP regeneration-limited photosynthesis model.
The curves demonstrate that the rate-limiting process will
vary with temperature at constant CO2 concentration and
light intensity. The temperature at which the transition
of the rate-limiting process occurs varies (adapted from
Kirschbaum and Farquhar, 1984; Cen and Sage, 2005)

the thermal optimum is dual. The first reason
is the rapidly increasing affinity for O2 rela-
tive to CO2 binding to RuBP enediol form in
the Rubisco active site (Farquhar et al., 1980).
The higher affinity for O2 results in relatively
higher frequencies of oxygenation events at
higher temperatures. The second reason is the
loss of Rubisco activity due to the deactivation
of Rubisco activase at temperatures above the
thermal optimum, but below the temperature of
enzyme denaturation (Weis, 1981; Kobza and
Edwards, 1987; Crafts-Brandner and Salvucci,
2000, 2004; Portis, 2003; Salvucci and Crafts-
Brandner, 2004a–c). Whether Rubisco deacti-
vation occurs is currently the focus of debate
(Crafts-Brandner and Salvucci, 2000; Salvucci
and Crafts-Brandner, 2004a–c; Cen and Sage,
2005; Sage and Kubien, 2007; Sage et al., 2008);
however, the implications of this process for mod-
eling photosynthesis at higher temperatures are
considered in this chapter.

Most parameters in the Rubisco-limited photo-
synthesis model (Kc, Ko, Γ

∗) are not influenced
by changes in the amount or activation state of
Rubisco. However, Vc,max is linked directly to the
number of active Rubisco sites. Thus conditions
where Rubisco activity is predicted to decrease,
such as supra-optimal temperatures, are criti-
cal to model accuracy. Many published datasets
provide temperature responses of Vc,max using a
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variety of techniques (Kirschbaum and Farquhar,
1984; McMurtrie and Wang, 1993; Medlyn et al.,
1999; Bernacchi et al., 2001, 2003; Medlyn
et al., 2002). If Rubisco is becoming progres-
sively more limiting at temperatures above the
thermal optimum as a result of a loss in Rubisco
activase stabilization (Eckardt and Portis, 1997),
then Vc,max will begin to decrease at these tem-
peratures. Of the published datasets, examples
exist where Vc,max begins to taper off or decrease,
although most data suggests that the optimum
temperature is reached above 37 ◦C, if at all
(Farquhar, 1979; Harley and Tenhunen, 1991;
Harley et al., 1992b; Bernacchi et al., 2001, 2003;
Medlyn et al., 2002; Pimentel et al., 2007). A
lack of an apparent decrease in Rubisco activ-
ity in the in vivo temperature responses pro-
vided by Bernacchi et al. (2001, 2002) might

be attributed to the antisense construct in the
transformant tobacco, which depressed Rubisco
content to about 10% of wild-type concentra-
tions without affecting Rubisco activase. In these
plants, a 90% loss in the activity of Rubisco acti-
vase could therefore occur without affecting the
Rubisco activation state. Other published temper-
ature functions of Vc,max listed above, as well as
the temperature response of Vc,max from Citrus
limon (Fig. 10.3), indicate no decline at tempera-
tures below the temperature at which denaturation
of Rubisco occurs.

Although Vo,max is shown to increase with tem-
perature, the ratio of Vo,max/Vc,max declines with
temperature, showing that higher temperatures
favor an increase in the velocity of carboxyla-
tion over oxygenation (Fig. 10.3; Bernacchi et al.,
2001). However, the increase with temperature

a

b

c

d

e

Fig. 10.3. Panel (a) shows representative temperature responses of photosynthesis and mitochondrial respiration in the light
measured with Citrus limon. As a result of photorespiration, the temperature optimum of A is between 25 ◦C and 30 ◦C, whereas
Rd continues to increase beyond 40 ◦C. Panels (b–e) show the measured temperature responses of Vc,max (b), Vo,max (c), Jmax
(d), and the ratio of Vc,max to Jmax (e). A second order polynomial is fitted to A and Eq. (10.2) is fitted to the other parameters
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in maximum rate of carboxylation is offset by
changes in affinities of Rubisco for CO2 and
for O2 (Long, 1991). The Michaelis constant for
CO2 (Kc) increases at a greater rate relative to the
Michaelis constant for O2 (Ko). This results in
the affinity for CO2 increasing slower with tem-
perature than for O2. The change in the relative
enzyme affinities are substantial enough to more
than compensate for the increase in Vc,max with
temperature.

2. Temperature Functions Associated
with Rubisco-limited Photosynthesis

The temperature responses of the various
model parameters have been described using
temperature functions, most commonly Q10
(Farquhar et al., 1980), polynomial (Kirschbaum
and Farquhar, 1984; McMurtrie and Wang, 1993),
exponential (Badger and Collatz, 1977; Harley
and Tenhunen, 1991; Bernacchi et al., 2001,
2002, 2003; Medlyn et al., 2002), and the normal
distribution (June et al., 2004). Temperature
functions for parameters that are based on
Rubisco kinetic properties and do not have an
optimum are expected to be similar among C3
species and follow a temperature function which
includes only a unitless scaling constant (c) and
an energy of activation (�Ha, kJ mol−1; Harley
and Tenhunen, 1991):

Parameter = exp
[
c −�Ha/RTk

]
, (10.2)

where R is the universal gas constant
(8.314 J K−1 mol−1) and Tk is the leaf tem-
perature (K). This approach simplifies Michaelis
constants by assuming that the chemical
reactions involved are completely dominated by
one rate-limiting step. Equation (10.2) is also
standardized to include only �Ha (Farquhar
et al., 1980; Harley and Baldocchi, 1995):

Parameter =
Parameter25 exp

[
(Tk − 298)�Ha

RTk298

]
. (10.3)

Thus, the parameter at 25 ◦C represents a scaling
constant similar to c in Eq. (10.2) and the term
Parameter25 has associated biological meaning
(Harley and Baldocchi, 1995). The significance
of �Ha in the context of these equations must
also be carefully considered. The Michaelis con-

stant is a ratio of the combination of true kinetic
constants. The use of an activation energy for it
assumes that the ‘off’ reactions are dominated
by a single rate step, which in this case is the
formation of product. In situations where a single
‘off’ step is not dominating the rate, this approach
will no longer be strictly applicable. The reverse
carboxylation reaction is often thought to be very
slow, allowing the temperature expression to be
used with confidence. Nevertheless, the approx-
imation probably works reasonably well even
when there is significant reverse reaction.

The above Eqs. (10.2 and 10.3) predict that
a given model parameter continues to increase
exponentially with temperature and that thermal
deactivation does not occur. Parameters are often
decreasing at higher temperatures and require
that the above equations be modified to include
energy of deactivation (�Hd; kJ mol−1) and an
entropy term (�S; kJ K−1 mol−1) as suggested
by Harley and Tenhunen (1991):

Parameter =
parameter25

exp
[
c−�Ha/RTk

]

1+exp
[
(�STk−�Hd) /RTk

] ,

(10.4)

which again has been further modified to remove
the scaling constant, c, as:

Parameter = parameteropt

× Hd exp
{
(�Ha/R)

[(
1/Topt

)−(1/Tk)
]}

Hd−Ha
[
1− exp

{
(Ha/R)

[(
1/Topt

)−(1/Tk)
]}] .

(10.5)

In this latter example, the parameteropt is the
value of the parameter at its optimum tempera-
ture, (Topt), in which the peak value is achieved.
The above examples of temperature functions are
not the only functions that have been utilized in
determining temperature responses of the model
parameters. Unlike polynomials, the functions
above are derived from the Arrhenius equations
which are based on activation energies.

B. Ribulose 1,5-Bisphosphate (RuBP)-limited
Photosynthesis

Light saturation and current ambient CO2 con-
ditions surrounding the leaf commonly result in
photosynthesis being Rubisco-limited. However,
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in the natural environment, some leaves are not
light-saturated for at least part of the day. For
these leaves, the regeneration of RuBP will limit
photosynthesis. Temperature is also shown to
alter the control of photosynthesis from one lim-
itation to another, and the point of transition
varies substantially due to numerous factors
(e.g. Fig. 10.2; Cen and Sage, 2005). Addi-
tionally, rising atmospheric CO2 concentration
promotes a shift from Rubisco-limited to RuBP-
limited photosynthesis, even in saturating light
(Fig. 10.1). For these reasons it is equally impor-
tant to model this limiting process accurately.

It is widely accepted that the regeneration of
RuBP is highly dependent on the capacity for
electron flow on the chloroplast thylakoid (Evans,
1987; Ögren and Evans, 1993). The RuBP-
limited photosynthetic condition of the model of
Farquhar et al. (1980) couples RuBP-regeneration
to the electron requirements of NADPH and ATP
formation, as given by the equation:

A = (1− Γ ∗/C
) ( C · J

4C + 8Γ ∗

)
− Rd. (10.6)

The potential of whole chain electron transport
(J ) is predicted as an empirical hyperbolic
function of absorbed photon flux (Q) and the
efficiency of photon use (Farquhar and Wong,
1984; Ögren and Evans, 1993). The relationship
of J to Q is expressed using a non-rectangular
hyperbolic response determined by three param-
eters: (1) Jmax, the maximum rate of electron
transport, (2) ΦPSII, the maximum quantum yield
of electron transport, and (3) Θ, the convexity
of the transition between the initial slope and
the plateau of the hyperbola (Fig. 10.4). As
visualized from Fig. 10.4, the relative importance
of these parameters varies with Q: RuBP-limited
photosynthesis is more dependent on ΦPSII at
lower Q, on Θ at moderate Q, and on Jmax
at higher Q. While the temperature responses
of these parameters are critical to modeling
accurately RuBP-limited photosynthesis, ΦPSII,
and to a lesser extent Θ, is more critical at lower
Q where photosynthetic rates are low. Thus, the
model is generally less sensitive to errors in these
two parameters than those in Jmax, associated
with high photosynthetic rates.

In vitro measurements from isolated thy-
lakoids have been used to estimate Jmax (Armond

Fig. 10.4. Representation of the parameters required for
modeling RuBP regeneration-limited photosynthesis, based
on the response of electron transport (J ) to incident photon
flux (Q). As α and ΦPSII,max are dominant parameters at low
light (thus low rates of photosynthesis), the model is less
sensitive to errors associated with these than with Jmax

et al., 1978; Sage et al., 1995); this technique
assumes that the chemical environment of
the assay reflects that of the thylakoid, yet
large changes occur in vivo that may not be
mimicked in vitro. Temperature responses
of Jmax have been determined in vivo from
gas-exchange measurements of photosynthesis
A vs. leaf intercellular CO2 concentration Ci
(Harley and Tenhunen, 1991; McMurtrie and
Wang, 1993; Harley and Baldocchi, 1995;
Dreyer et al., 2001; Bernacchi et al., 2003). This
method relies on fitting data measured at higher
CO2 concentrations to the RuBP-limited equation
for photosynthesis from the Farquhar et al. (1980)
model. Estimation of Jmax from A vs. Ci curves,
however, may introduce errors since these curves
are often measured at saturating light whereas
the photosynthesis model should, in practice,
mimic a wide range of conditions, including low
light intensities. Model parameterization should
also include the possibility that other parameters
of the J vs. Q relationship may change with
temperature. Changes in these parameters would
be especially important when modeling light-
limited photosynthesis. Most parameterizations
assume ΦPSII to remain constant at 0.85 and the
convexity of the transition of J from low to high
Q(Θ) to remain constant at 0.7 over a range of
temperatures (Farquhar et al., 1980). Advances
in gas exchange and fluorescence measurement
techniques provided the opportunity to directly
measure temperature responses of the parameters
required to model RuBP-limited photosynthesis
(Bernacchi et al., 2003). These methods provide
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simultaneous yet independent measurements
of carbon assimilation and electron transport
through the thylakoid. Since the RuBP-limited
model of photosynthesis predicts the rate of
regeneration of RuBP based on the electron
requirements for converting NADP to NADPH
and ADP to ATP, the temperature responses
of ΦPSII and of Θ should be based on the
relationship of J to Q (Bernacchi et al., 2003)
rather than being derived from A vs. Q response
curves (but see Cen and Sage, 2005).

1. Temperature Acclimation of RuBP-limited
Photosynthesis

Unlike the parameters associated with the
Rubisco-limited photosynthesis model, which are
highly dependent on enzyme kinetics and gener-
ally conserved among C3 plants, the parameters
associated with the RuBP-limited photosynthe-
sis model, particularly Jmax, can be highly vari-
able for different C3 species (Wullschleger, 1993)
and for growth conditions, particularly tempera-
ture (Sage et al., 1995; Kitao et al., 2000; Von
Caemmerer, 2000; Bernacchi et al., 2003; June
et al., 2004). The mechanisms behind tempera-
ture acclimation of RuBP-limited photosynthesis
likely involve changes in thermostability of thy-
lakoid reactions (Berry and Björkman, 1980;
Haldimann and Feller, 2005) driven by changes
in membrane lipid composition (Raison et al.,
1982; Mikami and Murata, 2003) and the
possibility that certain Calvin–Benson–Bassham
cycle enzymes (e.g. fructose 1,6-bisphosphatase)
become limiting under certain circumstances
(Badger et al., 1982; Hikosaka et al., 2006).
While the mechanisms of acclimation of pho-
tosynthesis to temperature (Sage and Kubien,
2007), nutrients (June et al., 2004), and growth
irradiance (Von Caemmerer and Farquhar, 1981)
are discussed in detail elsewhere, it is critical to
consider the variability these factors might induce
on the temperature response of the parameters
used to model RuBP-limited photosynthesis.

2. Temperature Functions Associated
with RuBP-limited Model

Two parameters, Γ ∗ and Rd, are associated with
Rubisco- as well as with RuBP-limited photosyn-
thesis, and as such, their temperature responses

are identical whether they are used to model
Rubisco- or RuBP-limited photosynthesis. The
maximum potential electron transport rate at a
particular irradiance (“potential” because it may
exceed the actual electron transport rate when the
assimilation rate is Rubisco-limited) is critically
important for modeling RuBP-limited photosyn-
thesis. As stated above, it is dependent on ΦPSII
and to some extent on Jmax and Θ. Of these three
parameters, Jmax is the most critical for accu-
rate modeling of high rates of photosynthesis,
while errors in ΦPSII and Θ can influence model
predictions at relatively low light-limited rates
of photosynthesis, having little impact on model
output. Despite that, temperature responses have
been published for both ΦPSII and Θ in tobacco
(Bernacchi et al., 2003). The results from this
study show that ΦPSII changes only with temper-
atures below 25 ◦C and is not altered by growth
temperature, whereas Θ is temperature depen-
dent over larger temperature ranges, also accli-
mating to growth temperature.

Many studies have provided temperature
responses of Jmax using a variety of different
methods. While the number of equations used to
describe the temperature response of Jmax under
varying growth conditions are many (Harley and
Tenhunen, 1991; McMurtrie and Wang, 1993;
Ögren and Evans, 1993; Von Caemmerer, 2000;
Dreyer et al., 2001; Ziska, 2001; Bernacchi et al.,
2003), a simple equation has been presented,
accounting for the variation imposed by altered
growth conditions (June et al., 2004). The equa-
tion expresses the rate of electron transport at a
given temperature, J (TL), as:

J (TL) = J (Topt)e
−
(
TL−Topt

Ω

)2

, (10.7)

where J (Topt) is the rate of electron transport
at the optimum temperature, Topt, and Ω is the
range of temperature in which J falls to e−1

from its optimum value (June et al., 2004). While
this temperature function has been shown to fit
numerous published datasets, varying the param-
eters J (Topt), Topt and Ω within species and indi-
vidual leaves provides the temperature response
of J at high irradiance, but not of Jmax. Simple
equations have been employed to estimate Jmax
from J derived from Eq. (10.7) at a given irra-
diance (Farquhar and Wong, 1984; Ögren and
Evans, 1993; Von Caemmerer, 2000; Bernacchi
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et al., 2003). More experiments are needed to
see whether Eq. (10.7) would also apply to Jmax
directly.

C. Triose Phosphate Utilization (TPU)-limited
Photosynthesis

Certain conditions result in photosynthesis being
limited by the export and utilization of triose
phosphate from the Calvin–Benson–Bassham
cycle (Sharkey, 1985; Harley and Sharkey, 1991).
This limiting process, termed triose phosphate
utilization limited (TPU-limited) photosynthe-
sis, most commonly occurs at high CO2, low
O2, high irradiance, and/or low temperatures.
Triose phosphates created during photosynthe-
sis are mainly converted into starch in the
chloroplast or exported into the cytosol and
metabolized to sucrose (Leegood, 1996). As
triose phosphates are utilized in the chloro-
plast, inorganic phosphate molecules are released
and reused in photophosphorylation. Similarly,
when triose phosphates are exported from the
chloroplast, they are exchanged 1:1 with inor-
ganic phosphate (Flügge et al., 2003). In cases
where sugar phosphates are produced at rates
higher than they are consumed, the pool of inor-
ganic phosphate within the chloroplast becomes
depleted to the level limiting photophosphoryla-
tion (Sharkey, 1985; Sharkey et al., 1986; Lee-
good and Furbank, 1986; Von Caemmerer, 2000).
TPU-limited photosynthesis may result in much
lower rates of RuBP regeneration than predicted
from rates of electron transport using the RuBP-
limited model.

The presence of TPU-limited photosynthe-
sis is difficult to detect even under laboratory
conditions. As demonstrated in the A vs. Ci
response curves for Citrus limon (Fig. 10.5),
the presence of TPU-limited photosynthesis is
apparent at some measurement temperatures, but
not at others. Despite similar laboratory condi-
tions other than measurement temperature, TPU-
limited photosynthesis is apparent at lower CO2
for the measurements at 35 ◦C than for any other
measurement temperature. Despite the evidence
of TPU-limited photosynthesis in experimental
situations, there is little evidence for this lim-
itation in field-based measurements (Reid and
Fiscus, 1998; Adam et al., 2000). Since the
TPU-limitation usually occurs in conditions that

Fig. 10.5. Relationship between photosynthesis (A) and
intercellular CO2 concentration (Ci) for Citrus limon mea-
sured at temperatures ranging from 10 ◦C to 40 ◦C. This
dataset demonstrates the influence of rising temperatures on
Rubisco-limited (initial slopes), RuBP regeneration-limited
(mid to high Ci), and TPU-limited (the highest Ci) photosyn-
thesis. The latter indicates an unpredictable local minimum
at 30 ◦C

are also typical of RuBP-limited photosynthesis
(Sharkey, 1985; Harley and Sharkey, 1991), it
is often difficult to differentiate between RuBP-
and TPU-limited photosynthesis (e.g. Figs. 10.1
and 10.5).

III. Modeling Photosynthesis and the
Supply of CO2

In addition to the biochemical limitations dis-
cussed above, carbon supply is also physically
limited at the leaf surface (boundary layer con-
ductance gbl), through the stomatal pore (stomatal
conductance, gs), across intercellular air spaces
(Nobel, 2005), and from the surface of the mes-
ophyll cells to the chloroplasts. Together, the two
latter components are usually termed the ‘mes-
ophyll diffusion conductance’, gm. The stom-
atal conductance, gs, may increase or remain
unchanged in response to temperature changes
(Sage and Kubien, 2007), and these responses
appear to be independent of photosynthetic bio-
chemistry (Kubien and Sage, 2008). Generally,
in the absence of drought and at low leaf-to-air
vapor pressure differences, stomatal limitations
are largely unchanged at moderately high tem-
peratures (Berry and Björkman, 1980). Model-
ing photosynthesis without accounting for gs will
overestimate rates of CO2 uptake to a degree
which will vary with environmental conditions.
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Another important consideration for modeling
photosynthesis is whether to base the model
on CO2 concentration in the leaf intercellular
airspaces (Ci) or in the chloroplast (Cc). The
importance of using Ci has long been known
since gs responds rapidly to changes in the
environment surrounding the leaf (Farquhar and
Sharkey, 1982). Historically, it was assumed that
the differences between Ci and Cc were suffi-
ciently small and could be ignored (Farquhar
and Sharkey, 1982). However, as techniques were
developed to address gm, the conductance associ-
ated with the movement of CO2 from the intercel-
lular airspaces into the chloroplast (Evans et al.,
1986; Harley et al., 1992a), it became apparent
that gm could represent a significant limitation
to photosynthesis (Evans et al., 1986; Harley
et al., 1992a; Loreto et al., 1992; Bernacchi et al.,
2002).

Temperature affects various properties asso-
ciated with cell walls, cytosol, chloroplast
membrane, and the stroma, which together con-
stitute gm (Evans et al., 2004; Loreto et al., 2004;
Nobel, 2005). Temperature can also influence
the dissolution of CO2 and its subsequent move-
ment across plasma membranes, which is likely
to be influenced by carbonic anhydrase and/or
aquaporins (Price et al., 1994; Bernacchi et al.,
2002; Terashima and Ono, 2002; Uehlein et al.,
2003; Hanba et al., 2004). While the hydration
of CO2 and the following transport of bicarbon-
ate can limit carbon uptake (Price et al., 1994),
it appears that membrane transport is the main
factor affecting the temperature response of gm
(Uehlein et al., 2003; Hanba et al., 2004).

Measured and estimated values of gm demon-
strate that it varies widely across species
and with environmental conditions, but usu-
ally it is of sufficient magnitude to signifi-
cantly affect calculated rates of photosynthesis
(Ethier and Livingston, 2004; Warren, 2008).
The temperature response of gm varies across
species and growth environments (Bernacchi
et al., 2002; Pons and Welschen, 2003; Warren
and Dreyer, 2006; Yamori et al., 2006; Diaz-
Espejo et al., 2007; Warren et al., 2007). The
temperature coefficient (Q10) of gm is approxi-
mately 2.2 for tobacco (Bernacchi et al., 2002),
which is consistent with an enzyme-mediated
process. Warren and Dreyer (2006) have mea-
sured the temperature response of gm in Quercus

canariensis: while gm increased at lower tempera-
tures (from 10 ◦C to 20 ◦C), it was stable at higher
temperatures (20–35 ◦C). Similarly, Yamori et al.
(2006) showed that gm increased almost twofold
from 10 ◦C to 20 ◦C, but changed little at higher
temperatures. The range of observed natural vari-
ation in gm indicates that we should be cognizant
of its effects when modeling photosynthetic car-
bon exchange.

Despite the increase in gm with tempera-
ture, the limitation imposed on photosynthesis
is shown to increase at higher temperatures
(Bernacchi et al., 2002), which suggests the
need to incorporate gm into photosynthesis mod-
els. However, this necessity will depend on the
objectives for using the model, as parameter-
izations based either on Ci or on Cc can be
employed under different circumstances. Param-
eterizations based on Ci (e.g. Bernacchi et al.,
2001) have changes in gm confounded with
changes in kinetics. It has been shown that
photosynthetic capacity and gm are coupled
(Evans and Von Caemmerer, 1996), suggesting
that model parameterization based on Ci may be
appropriate under conditions where the coupling
between gm and photosynthesis is not expected
to change (however the conditions where this
assumption applies have not yet been fully eluci-
dated). Modeling exercises where photosynthesis
is scaled up from the leaf level may not require
incorporation of gm. However, if the model is
employed for determination of Vcmax and/or Jmax,
observed differences between treatments may
actually be caused by changes in gm (Ethier and
Livingston, 2004).

A. Mitochondrial Respiration

The three processes that limit photosynthesis
each dominate under different conditions; how-
ever, mitochondrial respiration in the light (Rd)
occurs under all conditions and is also shown
to be highly temperature dependent (Farquhar
et al., 1980; Von Caemmerer, 2000; Bernac-
chi et al., 2001; Atkin et al., 2005). Whereas
the temperature optimum of photosynthesis is
generally between 25 ◦C and 30 ◦C (as speci-
fied above), the temperature optimum of Rd over
short timescales (minutes to hours) occurs just
below the temperature at which thermal deacti-
vation of enzymes occurs (generally above 42 ◦C,
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e.g. Fig. 10.1). Therefore, modeling photosyn-
thesis at any scale higher than the chloroplast
requires that Rd be modeled independently. Tra-
ditionally, Rd is considered to follow a tem-
perature function similar to that proposed for
many of the photosynthesis parameters, namely
that a value at a reference temperature is con-
sidered and an exponential function similar to
Eq. (10.2) is applied (e.g. Bernacchi et al., 2001).
Acclimation of Rd to temperature is shown to
occur, and with the acclimation, it has been
demonstrated that a generic exponential func-
tion normalized to a reference temperature may
not represent both the pre- and post-acclimated
temperature functions (Atkin et al., 2005). The
impact of temperature acclimation of Rd is fur-
ther complicated by the suppression of mitochon-
drial respiration in the light, and evidence also
exists that changes in CO2 and O2 concentrations
influence respiratory metabolism (Tcherkez et al.,
2008). Despite the need to account for both tem-
perature acclimation and impacts of changes in
the environment surrounding the leaf on Rd, a
mechanistic understanding – and thus a general
model of Rd – is lacking. Therefore, at present,
the above-described method in which a relative
temperature response is scaled to a value at a
reference temperature is utilized.

B. Temperature Parameterizations for the Leaf
Photosynthesis Model

There exist a number of datasets providing
temperature response functions for models of
Rubisco-limited photosynthesis. The original
parameterization of the model (Farquhar et al.,
1980) incorporated values for the activation
energy of Vc,max, Kc, and Ko based on in vitro
Rubisco enzyme activity (Badger and Collatz,
1977). From these values, the temperature
response of Rubisco specificity between carboxy-
lation and oxygenation (τ ) and of the photo-
synthetic CO2 compensation point (Γ ∗) were
calculated using the relationships:

τ = Vc,maxKo

KcVo,max
(10.8)

and

Γ ∗ = 0.5O

τ
. (10.9)

The temperature responses provided by Badger
and Collatz (1977) and a number of additional
temperature responses (seeVonCaemmerer,2000)
are based purely on in vitro measurements and thus
do not accurately mimic the in vivo changes in the
leaf which occur over a range of temperatures.
Temperature response functions were compiled in
the form of a review (McMurtrie and Wang, 1993),
although the studies included in the review were
also dominated by in vitro measurements.

In vivo kinetics using transgenic tobacco with
reduced amounts of Rubisco have been used
to determine kinetic constants at 25 ◦C (Von
Caemmerer et al., 1994) and over a biologically
significant temperature range (Bernacchi et al.,
2001). The benefit of using transgenic tobacco
plants for parameterization is that photosynthesis
is always limited by Rubisco, allowing for mea-
surements at CO2 concentrations above those of
Kc, approaching Vc,max. Since the kinetic param-
eters Kc, Ko and Γ ∗ are not influenced by the
amount of enzyme present, values obtained from
these transgenic species are applicable to wild-
type plants. The absolute values of Vc,max are
substantially lower in these transgenic plants;
however, the relative temperature response of this
parameter is, for the sake of modeling, generally
assumed to be similar among higher C3 species,
allowing for these plants to provide more accurate
temperature responses for the parameters needed
to model Rubisco-limited photosynthesis. The
temperature responses derived from these trans-
genic tobacco plants (Bernacchi et al., 2001) have
been validated for a wide range of species.

IV. Concluding Remarks

The response of the net CO2 uptake rate (A) to
temperature is parabolic, and yet the tempera-
ture optimum is very plastic and can vary with
species, ecotype, site and time of year (Baldocchi
and Amthor, 2001). Depending on a wide range
of conditions, including temperature, A can be
limited by very different processes. The amount
and activation state of photosynthetic enzymes,
each representing a different limiting process to
overall CO2 assimilation, are integral for deter-
mining the temperature optimum of photosyn-
thesis. Each of these limitations needs to be
accurately modeled, and thus the temperature
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functions accurately represented to provide real-
istic model output. The C3 model of photo-
synthesis (Farquhar et al., 1980) has been used
extensively for a variety of purposes, including
predicting leaf, canopy, ecosystem, regional and
global photosynthesis. The accuracy of the model
is dependent on proper parameterization, which
includes accurate representation of the param-
eters over a wide range of temperatures. The
parameters incorporated into the model include
a range of variables representing enzyme kinet-
ics of Rubisco for both carboxylation and oxy-
genation as well as variables representing the rate
of electron transport for regeneration of RuBP.
The supply of CO2 into the chloroplast, which
is frequently temperature dependent, needs to be
considered when parameterizing the photosyn-
thesis model. Many parameterizations have been
derived from both in vitro and in vivo techniques,
with in vivo parameterizations preferred, as it is
impossible to mimic the internal environment of
the chloroplast in vitro, particularly over a wide
range of temperatures.

Acknowledgments

The authors would like to thank George Hickman
and Christina E. Burke for helpful comments on
the manuscript and support from Integrative Pho-
tosynthesis Research training grant to CJB (NSF
DBI96–02, 240).

References

Adam NR, Wall GW, Kimball BA, Pinter PJ Jr, LaMorte RL,
Hunsaker DJ, Adamsen FJ, Thompson T, Matthias AD,
Leavitt SW and Webber AN (2000) Acclimation response
of spring wheat in a free-air CO2 enrichment (FACE)
atmosphere with variable soil nitrogen regimes. 1. Leaf
position and phenology determine acclimation response.
Photosynth Res 66: 65–77

Amthor JS (1995) Terrestrial higher-plant response to
increasing atmospheric [CO2] in relation to the global
carbon cycle. Glob Change Biol 1: 243–274

Armond PA, Schreiber U and Bjorkman O (1978) Photo-
synthetic acclimation to temperature in the desert shrub
Larrea divericata: light harvesting and electron transport.
Plant Physiol 61: 411–415

Atkin OK, Bruhn D, Hurry VM and Tjoelker MG (2005) The
hot and the cold: unraveling the variable response of plant
respiration to temperature. Funct Plant Biol 32: 87–105

Badger MR and Collatz GJ (1977) Studies on the kinetic
mechanism of Ribulose-1,5-bisphosphate carboxylase and
oxygenase reactions, with particular reference to the effect
of temperature on kinetic parameters. Carnegie Inst Ann
Report Dept Pl Bio 76: 355–361

Badger MR, Björkman O and Armond PA (1982) An anal-
ysis of photosynthetic response and adaptation to tem-
perature in higher plants: temperature acclimation in the
desert evergreen Nerium oleander L. Plant Cell Environ 5:
85–99

Baldocchi DD and Amthor JS (2001) Canopy photosynthe-
sis: history, measurements and models. In: Roy J, Saugier
B and Mooney HA (eds) Terrestrial Global Productivity,
pp 9–31. Academic, San Diego, CA

Bernacchi CJ, Singsaas EL, Pimentel C, Portis AR Jr and
Long SP (2001) Improved temperature response functions
for models of Rubisco-limited photosynthesis. Plant Cell
Environ 24: 253–259

Bernacchi CJ, Portis AR Jr, Nakano H, Von Caemmerer
S and Long SP (2002) Temperature response of meso-
phyll conductance. Implications for the determination of
Rubisco enzyme kinetics and for limitations to photosyn-
thesis in vivo. Plant Physiol 130: 1992–1998

Bernacchi CJ, Pimentel C and Long SP (2003) In vivo
temperature response functions of parameters required to
model RuBP-limited photosynthesis. Plant Cell Environ
26: 1419–1430

Berry J and Björkman O (1980) Photosynthetic response and
adaptation to temperature in higher plants. Annu Rev Plant
Physiol 31: 491–543

Berry JA and Farquhar GD (1978) The CO2 concentrating
function of C4 photosynthesis. A biochemical model. In:
Hall D, Coombs J and Goodwin T (eds) Proceedings of
4th International Congress on Photosynthesis, Reading,
England, 1977, pp 119–131. The Biochemical Society,
London

Bowes G, Ogren WL, and Hageman RH (1971) Phospho-
glycolate production catalyzed by ribulose diphosphate
carboxylase. Biochem Biophys Res Commun 45: 716–722

Brennan WJ, Kaye J, Leinen M, Dearry A, Elwood J, Glackin
M, Gruber P, Hohenstein W, Lawson L, Leahy P, Neale
P, Schafer J, Scherega J and Watson H (eds) (2007) Our
Changing Planet. The U.S. Climate Change Science Pro-
gram for Fiscal year 2007. U.S. Global Change Research
Program, Washington, DC

Cen Y-P and Sage RF (2005) The regulation of Rubisco
activity in response to variation in temperature and atmo-
spheric CO2 partial pressure in sweet potato. Plant Physiol
139: 979–990

Crafts-Brandner SJ and Salvucci ME (2000) Rubisco acti-
vase constrains the photosynthetic potential of leaves at
high temperature and CO2. Proc Natl Acad Sci USA 97:
13430–13435

Crafts-Brandner SJ and Salvucci ME (2004) Analyzing the
impact of high temperature and CO2 on net photosynthe-
sis: biochemical mechanisms, models and genomics. Field
Crops Res 90: 75–85



244 Carl J. Bernacchi et al.

Cramer W, Bondeau A, Woodward FI, Prentice IC, Betts
RA, Brovkin V, Cox PM, Fisher V, Foley JA, Friend AD,
Kucharik C, Lomas MR, Ramankutty N, Sitch S, Smith
B, White A and Young-Molling C (2001) Global response
of terrestrial ecosystem structure and function to CO2 and
climate change: results from six dynamic global vegeta-
tion models. Glob Change Biol 7: 357–373

de Pury DGG and Farquhar GD (1997) Simple scaling of
photosynthesis from leaves to simple canopies without the
errors of big-leaf models. Plant Cell Environ 20: 537–557

Diaz-Espejo A, Nicolas E and Fernandez JE (2007) Sea-
sonal evolution of diffusional limitations and photosyn-
thetic capacity in olive under drought. Plant Cell Environ
30: 922–933

Dreyer E, Le Roux X, Montpied P, Daudet FA and Masson
F (2001) Temperature response of leaf photosynthetic
capacity in seedlings from seven temperate tree species.
Tree Physiol 21: 223–232

Eckardt NA and Portis AR Jr (1997) Heat denaturation pro-
files of ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) and Rubisco activase and the inability of
Rubisco activase to restore activity of heat-denatured
Rubisco. Plant Physiol 113: 243–248

Ethier GJ and Livingston NJ (2004) On the need to
incorporate sensitivity to CO2 transfer conductance into
the Farquhar-Von Caemmerer-Berry leaf photosynthesis
model. Plant Cell Environ 27: 137–153

Evans JR (1987) The Dependence of quantum yield on wave-
length and growth irradiance. Funct Plant Biol 14: 69–79

Evans JR and Von Caemmerer S (1996) Carbon dioxide
diffusion inside leaves. Plant Physiol 110: 339–346

Evans JR, Sharkey TD, Berry JA and Farquhar GD (1986)
Carbon isotope discrimination measured concurrently
with gas exchange to investigate CO2 diffusion in leaves
of higher plants. Aust J Plant Physiol 13: 281–292

Evans JR, Terashima I, Hanba YT and Loreto F (2004)
Chloroplast to leaf. In: Smith WK, Vogelmann TC and
Critchley C (eds) Photosynthetic Adaptation: Chloroplast
to Landscape, pp 107–132. Springer, New York

Farquhar GD (1979) Models describing the kinetics of ribu-
lose biphosphate carboxylase-oxygenase. Arch Biochem
Biophys 193: 456–468

Farquhar GD and Sharkey TD (1982) Stomatal conductance
and photosynthesis. Annu Rev Plant Physiol 33: 317–345

Farquhar GD and Von Caemmerer S (1982) Modeling of
photosynthetic responses to environmental conditions.
In: Lange OL, Nobel PS, Osmond CB and Zeigler H
(eds) Physiological Plant Ecology II. Encyclopedia of
Plant Physiology, New Series, pp 550–587. Springer,
Heidelberg

Farquhar GD and Wong SC (1984) An empirical model of
stomatal conductance. Aust J Plant Physiol 11: 191–210

Farquhar GD, Von Caemmerer S and Berry JA (1980) A
biochemical model of photosynthetic CO2 assimilation in
leaves of C3 species. Planta 149: 78–90

Field CB and Avissar R (1998) Bidirectional interactions
between the biosphere and the atmosphere- introduction.
Glob Change Biol 4: 459–460

Flügge UI, Häusler RE, Ludewig F and Fischer K (2003)
Functional genomics of phosphate antiport systems of
plastids. Physiol Plantarum 118: 475–482

Galmés J, Flexas J, Keys AJ, Cifre J, Mitchell RAC,
Madgwick PJ, Haslam RP, Medrano H and Parry MAJ
(2005) Rubisco specificity factor tends to be larger in plant
species from drier habitats and in species with persistent
leaves. Plant Cell Environ 28: 571–579

Haldimann P and Feller U (2005) Growth at moderately
elevated temperature alters the physiological response of
the photosynthetic apparatus to heat stress in pea (Pisum
sativum L.) leaves. Plant Cell Environ 28: 302–317

Hanba YT, Shibasaka M, Hayashi Y, Hayakawa T, Kasamo
K, Terashima I and Katsuhara M (2004) Overexpression
of the barley aquaporin HvPIP2;1 increases internal CO2
conductance and CO2 assimilation in the leaves of trans-
genic rice plants. Plant Cell Physiol 45: 521–529

Harley PC and Baldocchi DD (1995) Scaling carbon diox-
ide and water vapour exchange from leaf to canopy in a
deciduous forest. I. Leaf model parametrization. Plant Cell
Environ 18: 1146–1156

Harley PC and Sharkey TD (1991) An improved model of
C3 photosynthesis at high CO2: reversed O2 sensitivity
explained by lack of glycerate reentry into the chloroplast.
Photosynth Res 27: 169–178

Harley PC and Tenhunen JD (1991) Modeling the photosyn-
thetic response of C3 leaves to environmental factors. In:
Boote KJ and Loomis RS (eds) Modeling Crop Photo-
synthesis: from Biochemistry to Canopy, Special Publica-
tion No. 19, pp 17–39. Crop Science Society of America,
Madison, WI

Harley PC, Loreto F, Marco GD and Sharkey TD (1992a)
Theoretical considerations when estimating the mesophyll
conductance to CO2 flux by analysis of the response of
photosynthesis to CO2. Plant Physiol 98: 1429–1436

Harley PC, Thomas RB, Reynolds JF and Strain BR (1992b)
Modelling photosynthesis of cotton grown in elevated
CO2. Plant Cell Environ 15: 271–282

Hikosaka K, Ishikawa K, Borjigidai A, Muller O and
Onoda Y (2006) Temperature acclimation of photosyn-
thesis: mechanisms involved in the changes in temper-
ature dependence of photosynthetic rate. J Exp Bot 57:
291–302

June T, Evans JR and Farquhar GD (2004) A simple new
equation for the reversible temperature dependence of
photosynthetic electron transport: a study on soybean leaf.
Funct Plant Biol 31: 275–283

Kirschbaum MUF and Farquhar GD (1984) Temperature
dependence of whole-leaf photosynthesis in Eucalyptus
pauciflora Sieb. Ex Spreng. Funct Plant Biol 11: 519–538

Kitao M, Lei TT, Koike T, Tobita H, Maruyama Y,
Matsumoto Y and Ang L-H (2000) Temperature response



10 Temperature Dependence of Photosynthesis 245

and photoinhibition investigated by chlorophyll fluores-
cence measurements for four distinct species of diptero-
carp trees. Physiol Plantarum 109: 284–290

Kobza J and Edwards GE (1987) Influence of leaf tempera-
ture on photosynthetic carbon metabolism in wheat. Plant
Physiol 83: 69–74

Leegood RC (1996) Primary photosynthate production:
physiology and metabolism. In: Zamski E and Schaffer
AA (eds) Photoassimilate Distribution in Plants and
Crops. Source–Sink Relationships, pp 21–42. Marcel
Dekker, New York

Leegood RC and Furbank RT (1986) Stimulation of pho-
tosynthesis by 2 percent oxygen at low temperature is
restored by phosphate. Planta 168: 84–93

Lloyd J and Farquhar GD (1996) The CO2 dependence of
photosynthesis, plant growth responses to elevated CO2:
concentrations and their interaction with soil nutrient sta-
tus. 1. General principles and forest ecosystems. Funct
Ecol 10: 4–32

Long SP (1991) Modification of the response of photosyn-
thetic productivity to rising temperature by atmospheric
CO2 concentrations: Has its importance been underesti-
mated? Plant Cell Environ 14: 729–739

Long SP and Bernacchi CJ (2003) Gas exchange measure-
ments, what can they tell us about the underlying limita-
tions to photosynthesis? Procedures and sources of errors.
J Exp Bot 54: 2393–2401

Loreto F, Harley PC, DiMarco G and Sharkey TD (1992)
Estimation of mesophyll conductance to CO2 flux by three
different methods. Plant Physiol 98: 1437–1443

Loreto F, Baker NR and Ort DR (2004) Chloroplast to
Leaf. In: Smith WK, Vogelmann TC and Critchley C
(eds) Photosynthetic Adaptation: Chloroplast to Land-
scape, pp 231–261. Springer, New York

McMurtrie RE and Wang YP (1993) Mathematical models
of the photosynthetic response of tree stands to rising
CO2 concentrations and temperature. Plant Cell Environ
16: 1–13

Medlyn BE, Badeck FW, DePury DGG, Barton CVM,
Broadmeadow M, Ceulemans R, DeAngelis P, Forstreuter
M, Jach ME, Kellomaki S, Laitat E, Marek M, Philippot
S, Rey A, Strassemeyer J, Laitinen K, Liozon R, Portier B,
Roberntz P, Wang K and Jarvis PG (1999) Effects of ele-
vated [CO2] on photosynthesis in European forest species:
a meta-analysis of model parameters. Plant Cell Environ
22: 1475–1495

Medlyn BE, Dreyer E, Ellsworth D, Forstreuter M, Harley
PC, Kirschbaum MUF, Le Roux X, Montpied P, Strasse-
meyer J, Walcroft A, Wang K and Loustau D (2002) Tem-
perature response of parameters of a biochemically based
model of photosynthesis. II. A review of experimental
data. Plant Cell Environ 25: 1167–1179

Mikami K and Murata N (2003) Membrane fluidity and the
perception of environmental signals in cyanobacteria and
plants. Prog Lipid Res 42: 527–543

Nobel PS (2005) Physicochemical and Environmental Plant
Physiology, 3rd Edition. Elsevier, Amsterdam

Ögren E and Evans JR (1993) Photosynthetic light-response
curves. Planta 189: 182–190

Ogren WL (1984) Photorespiration: pathways, regulation,
and modification. Annu Rev Plant Physiol Plant Mol Biol
35: 415–442

Pimentel C, Bernacchi CJ and Long SP (2007) Limitations
to photosynthesis at different temperatures in the leaves of
Citrus limon. Brazilian J Plant Physiol 19: 141–147

Pons TL and Welschen RAM (2003) Midday depression
of net photosynthesis in the tropical rainforest tree Epe-
rua grandiflora: contributions of stomatal and internal
conductances, respiration and Rubisco functioning. Tree
Physiol 23: 937–947

Portis AR Jr (1992) Regulation of Ribulose-1,5-bisphosphate
carboxylase/oxygenase activity. Annu Rev Plant Physiol
Plant Mol Biol 43: 415–437

Portis AR Jr (2003) Rubisco activase - Rubisco’s catalytic
chaperone. Photosynth Res 75: 11–27

Price GD, Von Caemmerer S, Evans JR, Yu JW, Lloyd J,
Oja V, Kell P, Harrison K, Gallagher A and Badger MR
(1994) Specific reduction of chloroplast carbonic anhy-
drase activity by antisense RNA in transgenic tobacco
plants has a minor effect on photosynthetic CO2 assimi-
lation. Planta 193: 331–340

Raison JK, Pike CS and Berry JA (1982) Growth
temperature-induced alterations in the thermotropic prop-
erties of nerium-oleander membrane lipids. Plant Physiol
70: 215–218

Reid C and Fiscus E (1998) Effects of elevated [CO2]
and/or ozone on limitations to CO2 assimilation in soy-
bean (Glycine max). J Exp Bot 49: 885–895

Sage RF and Kubien DS (2007) The temperature response
of C3 and C4 photosynthesis. Plant Cell Environ 30:
1086–1106

Sage RF, Santrucek J and Grise DJ (1995) Temperature
effects on the photosynthetic response of C3 plants to
long-term CO2 enrichment. Vegetatio 121: 67–77

Sage RF, Way DA and Kubien DS (2008) Rubisco, Rubisco
activase, and global climate change. J Exp Bot 59:
1581–1595

Salvucci ME and Crafts-Brandner SJ (2004a) Inhibition
of photosynthesis by heat stress: the activation state of
Rubisco as a limiting factor in photosynthesis. Physiol
Plantarum 120: 179–186

Salvucci ME and Crafts-Brandner SJ (2004b) Mechanism
for deactivation of Rubisco under moderate heat stress.
Physiol Plantarum 122: 513–519

Salvucci ME and Crafts-Brandner SJ (2004c) Relationship
between the heat tolerance of photosynthesis and the ther-
mal stability of Rubisco activase in plants from contrasting
thermal environments. Plant Physiol 134: 1460–1470

Sellers PJ, Bounoua L, Collatz GJ, Randall DA, Dazlich
DA, Los SO, Berry JA, Fung I, Tucker CJ, Field CB and



246 Carl J. Bernacchi et al.

Jensen TG (1996) Comparison of radiative and physio-
logical effects of doubled atmospheric CO2 on climate.
Science 271: 1402–1406

Sellers PJ, Dickinson RE, Randall DA, Betts AK, Hall FG,
Berry JA, Collatz GJ, Denning AS, Mooney HA, Nobre
CA, Sato N, Field CB and Henderson-Sellers A (1997)
Modeling the exchanges of energy, water, and carbon
between continents and the atmosphere. Science 275:
502–509

Sharkey TD (1985) O2-insensitive photosynthesis in C3
plants - its occurrence and a possible explanation. Plant
Physiol 78: 71–75

Sharkey TD, Stitt M, Heineke D, Gerhardt R, Raschke K and
Heldt HW (1986) Limitation of photosynthesis by carbon
metabolism. 2. O2-insensitive CO2 uptake results from
limitation of triose phosphate utilization. Plant Physiol 81:
1123–1129

Solomon S, Qin D, Manning M, Marquis M, Averyt K,
Tignor MMB, Miller HL Jr and Chen Z (eds) (2007)
Climate Change 2007, The Physical Science Basis. Cam-
bridge University Press, Cambridge

Tcherkez G, Bligny R, Gout E, Mahe A, Hodges M and
Cornic G (2008). Respiratory metabolism of illuminated
leaves depends on CO2 and O2 conditions. Proc Natl Acad
Sci USA 105: 797–802

Terashima I and Ono K (2002) Effects of HgCl2 on CO2
dependence of leaf photosynthesis: evidence indicating
involvement of aquaporins in CO2 diffusion across the
plasma membrane. Plant Cell Physiol 43: 70–78

Uehlein N, Lovisolo C, Siefritz F and Kaldenhoff R (2003)
The tobacco aquaporin NtAQP1 is a membrane CO2 pore
with physiological functions. Nature 425: 734–737

Von Caemmerer S (2000) Biochemical Models of Leaf Pho-
tosynthesis. Techniques in Plant Science, No 2. CSIRO
Publishing, Collingwood, Victoria

Von Caemmerer S and Farquhar GD (1981) Some relation-
ships between the biochemistry of photosynthesis and the
gas-exchange of leaves. Planta 153: 376–387

Von Caemmerer S, Evans JR, Hudson GS and Andrews
JT (1994) The kinetics of ribulose-1,5-bisphosphate car-
boxylase/oxygenase in vivo inferred from measurements

of photosynthesis in leaves of transgenic tobacco. Planta
195: 88–97

Wang YP and Jarvis PG (1990) Description and validation
of an array model: MAESTRO. Agric Forest Meteorol 51:
257–280

Warren CR (2008) Stand aside stomata, another actor
deserves center stage: the forgotten role of the internal
conductance to CO2 transfer. J Exp Bot 59: 1475–1487

Warren CR and Dreyer E (2006) Temperature response of
photosynthesis and internal conductance to CO2: results
from two independent approaches. J Exp Bot 57: 3057–
3067

Warren CR, Low M, Matyssek R and Tausz M (2007) Inter-
nal conductance to CO2 transfer of adult Fagus sylvatica:
variation between sun and shade leaves and due to free-air
ozone fumigation. Environ Exp Bot 59: 130–138

Weis E (1981) The temperature sensitivity of dark-
inactivation and light-activation of the Ribulose-1,5-
Bisphosphate Carboxylase in spinach chloroplasts. FEBS
Lett 129: 197–200

Wittig VE, Bernacchi CJ, Zhu X-G, Calfapietra C,
Ceulemans R, DeAngelis P, Gielen B, Miglietta F, Morgan
PB and Long SP (2005) Gross primary production is stim-
ulated for three Populus species grown under free-air CO2
enrichment from planting through canopy closure. Glob
Change Biol 11: 644–656

Wullschleger SD (1993) Biochemical limitations to car-
bon assimilation in C3 plants – a retrospective analysis
of the A-Ci curves from 109 species. J Exp Bot 44:
907–920

Yamori W, Noguchi K, Hanba YT and Terashima I (2006)
Effects of internal conductance on the temperature depen-
dence of the photosynthetic rate in spinach leaves from
contrasting growth temperatures. Plant Cell Physiol 47:
1069–1080

Zelitch I (1971) Photosynthesis, Photorespiration, and Plant
Productivity. Academic, New York

Ziska LH (2001) Growth temperature can alter the tempera-
ture dependent stimulation of photosynthesis by elevated
carbon dioxide in Albutilon theophrasti. Physiol Plan-
tarum 111: 322–328


