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The traditional ecological perspective on photosynthesis:

‣ Light capture splits water, generating chemical energy and releasing oxygen 
‣ Chemical energy drives fixation of carbon dioxide into a stable organic form
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The emerging ecological perspective on photosynthesis:

‣ Absorbed light is partitioned between photochemistry, heat, and fluorescence 
‣ Shift driven by advances in proximal and remote sensing over past decade
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Why this matters for ecologists:

‣ At scales for ecological analysis, there are mitochondria as well as chloroplasts 
‣ Mitochondrial respiration reverses the photosynthetic trace gas fluxes
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Why this matters for Fluxcourse:

‣ We measure net fluxes of trace gases - then use theory to partition gross fluxes 
‣ The absorption of light and release of fluorescence are unique to photosynthesis



‣ Part 1: Environmental control of photosynthesis 

—Light: photons, photochemistry, and Cytochrome b6f 

—Carbon dioxide: diffusion, biochemistry, and Rubisco 

—Other resources and stressors 

‣ Part 2: Quantitative expressions for photosynthesis 

—Top down: Monteith 

—Bottom up: Farquhar, von Caemmerer, and Berry 

—Connecting top down to bottom up: Johnson and Berry

Fluxcourse — Theory of Photosynthesis — 2022-07-25

Outline for today:
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The part of the solar spectrum that drives photosynthesis  
is called photosynthetically active radiation
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4.1D. Sunlight

Essentially all of the energy for life originates in the form of electromagnetic
radiation from the sun. In radiometric units, the radiant flux density of solar
irradiation (irradiance) perpendicularly incident on the earth’s atmosphered
the “solar constant”dis about 1366 W m!2. The solar constant varies by up to
"3.4% from the average due to the earth’s elliptical orbit. The value given is
for the mean distance between the earth and the sun (the earth is closest to the
sun on January 3, at 1.471 # 108 km, and furthest away on July 4, at
1.521 # 108 km). There are additional variations in solar irradiation based on
changes in solar activity, such as occur for sun spots, which lead to the 11-year
solar cycle (Pap and Frölich, 1999). In Chapter 6 (Section 6.5) we will consider
the solar constant in terms of the annual photosynthetic yield and in Chapter 7
(Section 7.1) in terms of the energy balance of a leaf.

Based on the solar constant and averaged for all latitudes, the total daily
amount of radiant energy from the sun incident on a horizontal surface just
outside the earth’s atmosphere averages 29.6 MJ m!2 day!1. Atmospheric
conditions, such as clouds, permit an average of only 58% or 17.0 MJ m!2

day!1 of this sunlight to reach the earth’s surface (at mid-latitudes the amount
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Figure 4-5. Wavelength distributions of the sun’s photons incident on the earth’s atmosphere and its surface.
The curve for the solar irradiation on the atmosphere is an idealized one based on Planck’s radi-
ation distribution formula (Eq. 4.3a). The spectral distribution and the amount of solar irradiation
reaching the earth’s surface depend on clouds, other atmospheric conditions, altitude, and the sun’s
angle in the sky. The pattern indicated by the lower curve is appropriate at sea level on a clear day
with the sun overhead.

214 4. Light

‣ This is abbreviated "PAR”, and includes wavelengths in the 400-700 nm range
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Once photons are absorbed by chlorophyll,  
they have several potential fates
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Chlorophyll has two principal excited singlet states that differ considerably
in energy. One of these states, designated Saðp;p"Þ in Figure 4-9, can be reached
by absorption of red light, such as a wavelength of 680 nm. The other state,
Sbðp;p"Þ, involves a p* orbital that lies higher in energy and is reached by ab-
sorption of blue light (e.g., 430 nm). The electronic transitions caused by the
absorption of photons are indicated by solid vertical arrows in Figure 4-9, and
the vertical distances correspond approximately to the differences in energy
involved.

Excitation of a singlet ground state to an excited triplet state is usually only
about 10$5 times as probable as going to an excited singlet state, so the tran-
sition from S(p,p) to Tðp;p"Þ has not been indicated for chlorophyll in Figure 4-9.
To go from S(p,p) to Tðp;p"Þ, the energy of an electron must be substantially
increased and the orientation of its spin must be simultaneously reversed. The
coincidence of these two events is improbable, so very few chlorophyll mole-
cules are excited directly from the ground state to Tðp;p"Þ by the absorption of
light.
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Figure 4-9. Energy level diagram indicating the principal electronic states and some of the transitions of
chlorophyll. Straight vertical lines represent the absorption of light; wavy lines indicate radiationless
transitions, for which the energy is eventually released as heat; and broken lines indicate those
deexcitations accompanied by radiation. In the literature, Sp;p for chlorophyll is also referred to as
S0, Saðp;p"Þ as S1, S

b
ðp;p"Þ as S2, and Tðp;p"Þ as T1 (similar symbols occur for carotenoids).

4.2. Absorption of Light by Molecules 227

‣ For chlorophyll that is isolated: 

Energy in from absorption 
is either lost as heat 
or lost as fluorescence.

‣ For chlorophyll in a leaf: 

Energy in from absorption 
either drives photochemistry 
or it escapes as heat 
or as fluorescence.
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Photochemistry occurs when excitation from antennae pigments  
is trapped by the photosynthetic reaction centers
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5.5B. Components of the Electron Transfer Pathway

We shall now turn our attention to the specific molecules that act as electron
acceptors or donors in chloroplasts. A summary of the characteristics of the
most common components of this complex pathway is presented in Table 5-2.
(Figure 6-4 should also be consulted, if the underlying concept of redox po-
tential is already familiar.) We will begin our discussion by considering the
photochemistry at the reaction center of Photosystem II and then consider the
various substances in the sequence in which they are involved in electron
transfer along the pathway from Photosystem II to Photosystem I. We will
conclude by considering the fate of the excited electron in Photosystem I.

The electron removed from the excited trap chl in the reaction center of
Photosystem II is replaced by one coming from water in the process leading to
O2 evolution (Eq. 5.8). Indeed, Photosystem II is the only biological system
that can evolve O2 from water. Using very brief flashes of light, the French
biologist Pierre Joliot showed in the 1960s that essentially no O2 evolution
accompanied the first or even the second flash, which was also shown by a
Dutch-born but effectively American biophysicist Bessel Kok. If the four
electrons involved come from four different Photosystem II’s, then a single
intense flash should cause O2 evolution because four Photosystem II’s would
have been excited and the four electrons coming from each O2 could be
accepted. If two photosystems were involved, each one accepting two electrons

4hn

4H

CO2

{CH2O}
+

H2O

4H

4H+

4e−
2 H2O

O2

Light-harvesting antennae

Photosystem II

P680,
reaction
center

P700,
reaction
center

Photosystem I

4hn

Figure 5-14. Schematic model for a series representation of the two photosystems of photosynthesis, indicating
the stoichiometry of various factors involved in the reduction of CO2 to a carbohydrate ({CH2O}).
Some of the photons (hv) are captured by the accessory pigments and Chl a in the light-harvesting
antennae; these excitations are then fed into the two photosystems, but primarily to Photosystem II.

5.5. Electron Flow 293

‣ Excitons circulate 
between pigment 
molecules, and are 
funneled to the 
reaction centers of 
Photosystem I and II.

‣ Photosystem I and II 
are pigment-protein 
complexes that trap 
the energy from the 
Chl excited state in a 
stable chemical form.
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Steady-state electron flow through Photosystems II and I  
is limited by an enzyme called the Cytochrome b6f complex
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In short, the absorption of light energy photochemically transforms trap chl’s
from couples with positive redox potentials to couples with negative (higher
energy) redox potentials. In this section we will estimate the redox potential
spans at each of the two photosystems in chloroplasts and then diagram the
overall pattern of photosynthetic electron flow.

After light absorption by Chl a or an accessory pigment feeding into
Photosystem II, the excitation migrates to P680, where an electron transfer
reaction takes place (trap chl* þ A / trap chlþ þ A"; Eq. 5.5). The electron
removed from P#

680 is replaced by one coming from water, which results in O2
evolution (for energetic considerations based on one electron, we write Eq. 5.8
as 1

2 H2O # 1
4 O2 þH). The watereoxygen couple has a midpoint redox po-

tential of 0.82 V at 25$C, pH 7, and an O2 pressure of 1 atm (Fig. 6-4). Water
oxidation and the accompanying O2 evolution follow spontaneously after the
photochemistry at the reaction center of Photosystem II has led to Pþ

680. Thus,
the required oxidant for water, Pþ

680 or some intermediate oxidized by it, must
have a redox potential more positive than 0.82 V for the electron to move
energetically downhill from water to the trap chlþ in the reaction center of
Photosystem II. As indicated in Table 5-2, the redox potential of the P680"Pþ

680
couple is about 1.10 V.
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Figure 6-4. Energy aspects of photosynthetic electron flow. The lengths of the arrows emanating from the trap
chls of Photosystem I and Photosystem II represent the increases in chemical potential of the
electrons that occur upon absorption of red light near the lmaxs of the trap Chl as. The diagram
shows the various midpoint redox potentials of the couples involved (data from Table 5-2) and the
three types of electron flow mediated by ferredoxin. Spontaneous electron flow occurs toward
couples with higher (more positive) redox potentials, which is downward in the figure.

330 6. Bioenergetics

‣ Cyt b6f has a dual role: it is both rate-limiting, and subject to feedback regulation
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The energy supply through the electron transport system  
is regulated to satisfy the energy demands of carbon metabolism

11

where the numbers represent the approximate bond energies in kJ mol!1. A
CeC bond, which occurs on two sides of the carbon in the carbohydrate
{CH2O}, has an energy of 348 kJ mol!1, so 1=2 (348) has been indicated in the
appropriate places in Equation 5.1.

The formulation of photosynthesis in Equation 5.1 fails to do justice to the
complexity of the reactions but does estimate the amount of Gibbs free energy
that is stored. The total chemical bond energy is 2526 kJ mol!1 for the reactants
in Equation 5.1 (463 þ 463 þ 800 þ 800 ¼ 2526), and it is 2072 kJ mol!1 for the
products (413 þ 348 þ 350 þ 463 þ 498 ¼ 2072). Thus, the reactants H2O and
CO2 represent lower energy (i.e., they are more “tightly” bonded, or stable)
because 2526 ! 2072 or 454 kJ mol!1 is necessary for the bond changes to
convert them to the products {CH2O} plus O2.

This energy change actually represents the increase in enthalpy required,
DH, although we are really more concerned here with the change in Gibbs free
energy, DG [see Chapter 6 (Section 6.1) and Appendix IV]. (For a reaction at
constant temperature, DG ¼ DH ! TDS, where S is the entropy; DG is about
the same as DH for Eq. 5.1.) Although the actual DG per mole of C depends
somewhat on the particular carbohydrate involved, 454 kJ is approximately the
increase in Gibbs free energy per mole of CO2 that reacts according to
Equation 5.1. For instance, the Gibbs free energy released when glucose is

CO2

O2

3 ADP + 3 phosphate

3 ATP

2 NADP+
2 NADPH + 2 H+

{CH2O} + H2O

Biochemistry

2 H2O

Electron transfers
and coupled ATP

formation

Photochemistry

~ 8 photons
Pigments

Excited
pigments

Figure 5-1. Schematic representation of the three stages of photosynthesis in chloroplasts: (1) The absorption of
light can excite photosynthetic pigments, leading to the photochemical events in which electrons are
donated by special chlorophylls. (2) The electrons are then transferred along a series of molecules,
causing the oxidized form of nicotinamide adenine dinucleotide phosphate (NADPþ) to become the
reduced form (NADPH); ATP formation is coupled to the electron transfer steps. (3) The
biochemistry of photosynthesis can proceed in the dark and requires 3 mol of ATP and 2 mol of
NADPH per mole of CO2 fixed into a carbohydrate, represented in the figure by {CH2O}.

5. Photochemistry of Photosynthesis 261

‣ The pools of the energetic intermediates are small, and they turn over rapidly 
‣ The supply and demand for energy come into balance in the steady-state
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Photosynthesis is subject to regulation 
on both physiological and ecological timescales

12

nucleotide to the oxygenewater half-cell, and in chloroplasts, it is in the
opposite direction (Fig. 6-7). A few to many thousands of mitochondria occur in
each plant cell, their frequency tending to be lower in cells in which chloro-
plasts are abundant. Oxidative phosphorylation in mitochondria supplies ATP
to the cells in photosynthetic tissues at night and at all times in the nongreen
tissues.

6.4A. Electron Flow ComponentsdRedox Potentials

As for chloroplast membranes, various compounds in mitochondrial mem-
branes accept and donate electrons. These electrons originate from biochemical
cycles in the cytosol as well as in the mitochondrial matrix (see Fig. 1-9)dmost
come from the tricarboxylic acid (citric acid) cycle, also known as the Krebs
cycle to honor the German biochemist and later British citizen Hans Krebs,
who identified the cycle in 1937 and received the Nobel Prize for Physiology or
Medicine in 1953. In any case, the cycle leads to the oxidation of pyruvate and
the reduction of NADþ within mitochondria. Certain principal components for
mitochondrial electron transfer and their midpoint redox potentials are
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Figure 6-7. Schematic representation of the interrelationships among components involved in chloroplast and
mitochondrial bioenergetics.

338 6. Bioenergetics

‣ Regulation functions to manage energy flow in a way that is safe and efficient



Fluxcourse — Theory of Photosynthesis — 2022-07-25

8.1C. Stomatal Conductance and Resistance

We can apply Fick’s first law in the form Jj ¼ DjDcj/Dx (Eq. 8.2) to describe the
diffusion of gases through stomatal pores. We will let the depth of a stomatal
pore be dst (Fig. 8-3); the concentration of substance j changes by Dcstj along the
distance dst. For the steady state and ignoring the cuticular pathway, the amount
of substance jmoving per unit time toward or away from a leaf (Jj times the leaf
area A) must equal the amount of substance j moving per unit time through the
stomata (the flux density within the stomata,DjDcstj =d

st, times the stomatal area
Ast that occurs for leaf area A).

Recognition of this constricting or bottleneck effect (Ast " A) that stomata
have on the area available for the diffusion of gas molecules and using Fick’s
first law (Eqs. 1.1 and 8.2) leads to the following relations:

JjA¼Dj
Dcstj
dst

Ast (8.4a)

or

Jj ¼Dj
Dcstj
dst

Ast

A
¼

Djnast

dst
Dcstj (8.4b)

where n is the number of stomata per unit area of the leaf and ast is the average
area per stomatal pore. Thus, nast equals the fraction of the leaf surface area
occupied by stomatal pores, Ast/A, where Ast/A can refer to the whole leaf or,
more conveniently, to a part that is examined microscopically. The flux density
Jj in Equation 8.4 refers to the rate of movement of substance j per unit area of
the leaf, a quantity that is considerably easier to measure than is the flux density
within a stomatal pore.

Concentration
contours

Guard
cell Epidermis

Cuticle

Boundary layer
of air

Intercellular
air spaces

100 µm

st

Figure 8-3. Anatomy near the leaf surface and the concentration contours of water vapor in the lower part of
the air boundary layer outside open stomata.

8.1. Resistances and ConductancesdTranspiration 419

Carbon dioxide diffuses from the atmosphere 
 down a concentration gradient into the chloroplasts

‣ Transport is via turbulent diffusion in moving air, and molecular diffusion in still air

13



Fluxcourse — Theory of Photosynthesis — 2022-07-25

Diffusive transport is often conceptualized  
with analogies to electrical circuits

‣ Ohm’s law: flux is proportional to product of driving gradient and conductance 
‣ NB, gradients are bidirectional & conductance is inverse of resistance (g = 1/r)

We next analyze the electrical circuit in Figure 8-5, first in terms of re-
sistances and then in terms of conductances. We begin by noting that the re-
sistances riaswv and rstwv occur in series. The total resistance of a group of resistors
in series, rseries, is the sum of the individual resistances:

rseries ¼
X

i

ri (8.10a)

where ri is the resistance of series resistor i. Thus, the resistance of the pathway
from the site of water evaporation across the intercellular air spaces and
through the stomata is riaswv þ rstwv. This resistance is in parallel with rcwv. The
reciprocal of the total resistance of a group of resistors in parallel is the sum of
the reciprocals of the individual resistances:

1
rparallel

¼
X

i

1
ri

(8.10b)

where ri is the resistance of parallel resistor i. For two resistors in parallel,
rparallel is equal to r1r2/(r1 þ r2).

3

Cuticle

Boundary layer
of air

Intercellular
air spaces

Cell wall
of mesophyll
or epidermal

cell

Turbulent
air outside

leaf

Stomata

Leaf

g leaf orwv r leaf
wv

orgc
wv rc

wv

org ias
wv r ias

wv org st
wv r st

wv orgbl
wv rbl

wv

Total

gtotal orwv rtotal
wv

Figure 8-5. Conductances and resistances involved in water flow accompanying transpiration, as arranged into
an electrical circuit. The symbol for the stomatal component indicates that it is variable. Only one
side of the leaf is considered.

3. For two resistances in parallel, 1=rparallel ¼ 1=r1 þ 1=r2 ¼ ðr2 þ r1Þ=ðr1r2Þ, so rparallel ¼ ðr1r2Þ=ðr1 þ r2Þ.

428 8. Leaves and Fluxes

14
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Net diffusive transport of CO2 is coordinated  
with net CO2 exchange of carbon metabolism

‣ Ultimately, the biochemical reactions can only go as fast as diffusion allows

15

in the stroma and initiated by CO2 binding at the catalytic site on Rubisco
(Fig. 8-12). In particular, the flux density of CO2 into chloroplasts represents
the gross rate of photosynthesis per unit leaf area, JpsCO2

. In the steady state,
JpsCO2

is the same as the flux density entering the leaf, JCO2; corrected for any
other reactions evolving or consuming CO2, as we will consider later in this
section (most evidence indicates that CO2, not HCO3

!, is the substrate for
photosynthesis in chloroplasts, and we will therefore focus our attention on
CO2).

We will represent the average rate of photosynthesis per unit volume of the
chloroplasts by yCO2, which can have units of mol CO2 fixed m!3 s!1. Also, we
will assume that the chloroplasts have an average or effective thickness Dxchl in
a direction perpendicular to the plasma membrane (see Fig. 8-11). Regarding
the chloroplasts as such a flat layer of average thickness Dxchl that occupies
some internal leaf area, Ames, the rate of photosynthesis in this volume
ðyCO2Dx

chlAmesÞ equals the gross CO2 flux per unit leaf area times the leaf area
corresponding to Ames, namely JpsCO2

A:

yCO2Dx
chlAmes ¼ JpsCO2

A (8.26a)

or

Jpsco2 ¼ yCO2Dx
chlAmes=A (8.26b)

KCO2

½Vmax

cco2

rCO2
rCO2

rCO2
rCO2

bll leafl mes chl

C
O

2

chl

Vmax

BiochemistryDiffusion
(a) (b)

The flux density of net CO2 uptake
occurs by CO2 diffusion across a series
of resistances (Eqs. 8.19 and 8.21).

Figure 8-12. Joining of (a) the diffusion steps for CO2 crossing the boundary layer, the rest of the gas phase, and
then the liquid-phase resistances of the mesophyll cells and their chloroplasts to reach the chlo-
roplast stroma with (b) the biochemistry in the chloroplasts, as described by a MichaeliseMenten
formalism (Eqs. 3.28 and 8.27).

8.4. CO2 Fluxes Accompanying Photosynthesis 453
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Steady-state dynamics of carbon metabolism  
are limited by CO2, O2, and the enzyme Rubisco

‣ PCR cycle: photosynthetic carbon reduction cycle (Calvin cycle) 
‣ PCO cycle: photosynthetic carbon oxidation cycle (photorespiration)
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carboxylase led to the development of photosynthetic models based on
Rubisco kinetic properties (Farquhar et al., 1980; Hall and Björkman,
1975; Hall, 1979; Laing et al., 1974; Laisk, 1970, 1977; Peisker, 1974).

Rubisco is localised within the chloroplast stroma and carboxylation
of RuBP is the first step of the photosynthetic carbon reduction (PCR)
cycle and the carboxylation of 1 mol of RuBP leads to the formation of 2
mol of 3 phosphoglycerate (PGA). The oxygenation of 1 mol of RuBP
leads to the formation 1 mol of PGA and 1 mol of phosphoglycolate
(PGly) and the recycling of 1 mol of PGly in the photorespiratory
carbon oxidation (PCO) cycle leads to the release of 0.5 mol of CO2 and
also includes the release and refixation 0.5 mol of ammonia (Fig. 2).
This led Farquhar et al. (1980) to write the following equation for CO2

assimilation rate, A:= − −A V V R0.5c o d (7)

which can be simplified to= − −A C V R(1 Γ / ) c d* (8)

with the use of Eqs. 4 and 5. Busch et al. (2018) discuss the stoi-
chiometry of the above equations and possible variations.

Substituting Eq. 1 gives the RuBP saturated or Rubisco limited CO2

assimilation rate.

= −+ + −A C
C K O K

V R( Γ )
(1 / )

.
c o

cmax d
*

(9)

In Fig. 1b, the Rubisco limited CO2 assimilation rates are shown at
chloroplast CO2 partial pressures below 250 μbar at 200 and 20 mbar
O2 (ambient and reduced O2 partial pressures). It is important to note
that the reduction in O2 reduces the photorespiratory CO2 release but
also increases Rubisco carboxylation due to a reduction in the Michaelis
Menten constant (Eq. 9).

It was clear early on that the Rubisco limited rate of CO2 assimila-
tion predicted CO2 assimilation rates much higher than were actually
measured at higher CO2 partial pressures (von Caemmerer and
Farquhar, 1981). The formulation of a light limited/electron transport
limited CO2 assimilation rate at higher CO2 partial pressures or low
light was therefore formulated and also based on Rubisco’s kinetic
properties. In vitro kinetics are usually derived with the assumption that
the enzyme site concentration is negligible compared to the substrate
concentrations. Estimates of Rubisco site concentrations in the chlor-
oplast stroma however range from 2−5 mM and are of the same order

of magnitude as RuBP concentrations (Badger et al., 1984; Jensen and
Bahr, 1977). Thus in the chloroplast, a large amount of RuBP is bound
to Rubisco sites and the standard Michaelis Menten equations do not
apply with respect to total chloroplast RuBP concentration. Peisker
(1974) was the first to recognise this, but assumed that the Rubisco site
concentrations would be greater than RuBP concentrations which we
now know is not usually the case (Badger et al., 1984; von Caemmerer
and Edmondson, 1986). Farquhar (1979) derived a more general so-
lution and showed that the kinetics with respect to free and bound
RuBP are analogous to that which would occur if a tight binding in-
hibitor was present. The Michaelis Menten constant for RuBP is small,
approximately 20 μM (Badger and Collatz, 1977; Flamholz et al., 2019;
Yeoh et al., 1981). This meant that Rubisco carboxylation or oxyge-
nation could be described as being either RuBP saturated or RuBP
limited (Farquhar, 1979; von Caemmerer, 2000).

When RuBP becomes limiting Vc can be described by an electron
transport limited rate that takes into account the NADPH requirement
of RuBP regeneration (Fig. 2) and the fact that reduction of NADP+ to
NADPH + H+ requires the transfer of 2 electrons through the whole
chain electron transport thus:

= +V J
C4 8Γ /c

* (10)

where J is the potential electron transport rate which depends on ir-
radiance. For a more detailed discussion on this and the formulation for
an ATP limited rate of electron transport, see von Caemmerer (2000) or
Yin et al.(2004). Substituting Eq. 10 into Eq. 8 gives the electron
transport limited rate of CO2 assimilation:

= −+ −A C
C

J R( Γ )
4 8Γ

.d
*

* (11)

It is important to note that Γ* and hence Rubisco specificity, is a
player in this equation as it defines the partitioning of NADPH between
PCR and PCO cycle. In 21 % O, CO2 assimilation rate continues to in-
crease at higher CO2 partial pressures as more energy is supporting
carboxylation rather than oxygenation as CO2 partial pressure increases
(Fig. 1). Both the temperature and O2 dependence of the quantum yield
measured at low light also reflect this competition for energy between
the PCR and PCO cycle and this is one of the reasons why Sc/o is such an
important Rubisco characteristic affecting CO2 assimilation rate lower
in canopies (Ehleringer and Björkman, 1976). This issue was explored

Fig. 2. The stoichiometry of the photosynthetic carbon reduction (PCR) cycle and the photorespiratory carbon oxidation (PCO) cycle. Note that the regeneration of
0.5 mol of PGA from 1 mol PGly requires the 0.5 mol ATP. It also includes the release and refixation 0.5 mol of ammonia which requires 1 mol of reduced ferredoxin
which in terms of electron transport is equivalent to 0.5 mol of NADPH and 0.5 mol of ATP (Keys et al., 1978) The stoichiometry and diagram are adapted from
Farquhar et al. (1980).
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Relative abundance of CO2 and O2 at Rubisco 
determines PCR and PCO cycle activity

‣ 𝚪 (Gamma): the CO2 compensation point, where PCR and PCO activity balance
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models of photosynthesis and for crop improvement.

2. Rubisco oxygenase activity and the CO2 compensation point

Photorespiration and the oxygen dependence of CO2 assimilation
rate was investigated in the late sixties and it was shown that the CO2

compensation point (the CO2 partial pressure at which no net CO2 ex-
change occurs in leaves) was linearly dependent on O2 concentration.
This recognised that the CO2 compensation point (Γ) represents the
balance between photorespiratory CO2 release and photosynthetic CO2

uptake (Forrester et al., 1966; Tregunna and Downton, 1967). Looking
for a mechanistic explanation for the photorespiratory CO2 release led
to the pivotal discovery that Rubisco was both a carboxylase and oxy-
genase (Bowes et al., 1971). Ogren (2003) provides a fascinating insight
of the discoveries made in his laboratory during that time. It was sub-
sequently shown that the substrates CO2 and O2 each behave as com-
petitive inhibitors of the oxygenase and carboxylase reactions respec-
tively (Badger and Andrews, 1974; Bowes and Ogren, 1972; Laing et al.,
1974; Peisker, 1974). The inhibition is linearly competitive, which is
consistent with both CO2 and O2 interacting at a common site. The rate
of carboxylation, Vc, at RuBP saturation has a typical Michaelis-Menten
form with respect to the substrate CO2 and:

= + +V CV
C K O K(1 / )c

cmax

c o (1)

Where Vcmax is the maximal Rubisco carboxylation rate and given by=V k Ecmax ccat t (2)

and kccat is the catalytic turnover rate and Et the total concentration
of enzyme sites. Kc and Ko are the Michaelis-Menten constants for the
carboxylase and oxygenase. A similar equation for the rate of oxyge-
nation, Vo, can also be written:

= + +V OV
O K C K(1 / )o

omax

o c (3)

and

⎜ ⎟= ⎛⎝ ⎞⎠ =V
V

V
K

K
V

C
O

S C
O

c

o

cmax

c

o

omax
c o/

(4)

where Sc/o is the Rubisco relative CO2/O2 specificity (Laing et al.,
1974). The chemical events of carboxylation are now well understood
(Tcherkez, 2013), however uncertainty about the chemical mechanism
of oxygenation remains (Tcherkez, 2016).

Laing et al. (1974) were the first to connect leaf gas exchange of
soybean leaves with Rubisco kinetic properties and showed that the
slope of the O2 dependence of the CO2 compensation point was pro-
portional to Sc/o.

= tO
S

Γ
c o

*
/ (5)

The photosynthetic model by Farquhar et al. (1980) used t = 0.5.
This assumes that for the Rubisco catalysis of one mol of O2 with one
mol of RuBP 0.5 mol of CO2 are released in the in the photorespiratory
carbon oxidation (PCO) cycle. This stoichiometry is embedded in most
photosynthetic models, but it has been suggested that the release may
be less than 0.5 or more in some instances (Busch, 2020; Hanson and
Peterson, 1986; Harley and Sharkey, 1991; Zelitch, 1989). It is note-
worthy that some photorespiratory mutants have been identified where
this stoichiometry is altered (Cousins et al., 2008, 2011).

At the time, Laing et al. (1974) neglected other mitochondrial re-
spiration in the light, Rd. We now recognise the presence of this mi-
tochondrial respiration and the compensation point, Γ is given by a
slightly more complex equation

= + +−K O K R V
R V

Γ Γ (1 / ) /
1 /

c o d cmax

d cmax

*
(6)

(Farquhar and von Caemmerer, 1982; von Caemmerer, 2000).
Fig. 1a compares Γ and Γ* and it is evident that there is only a small
difference in slope. The full equation helped link ontogenetic and sea-
sonal variation in Γ to the ratio Rd/Vcmax (Peisker et al., 1981). Mea-
surements of the compensation point were also used to determine Sc/o
in conifers where in vitro studies are difficult (Miyazawa et al., 2020).
Laisk (1977) developed a technique to estimate Γ* and Rd from gas
exchange measurements and this technique has been used extensively
to estimate both parameters (Atkin et al., 2000; Brooks and Farquhar,
1985). In these earlier measurements the diffusive conductance from
intercellular airspace to the chloroplast (mesophyll conductance) was
not considered. von Caemmerer et al. (1994) pointed out that this in-
clusion was important for accurate estimates of Γ*, see von Caemmerer
(2013) for discussion.

The compensation point, Γ, is a robust and easy to measure gas
exchange parameter and provides a window into Rubisco’s CO2/O2

specificity. Interestingly Ogren (2003) reported that attempts to use the
compensation point to screen for genetic diversity in oats and a muta-
genized soybean population for variation in the balance between pho-
tosynthesis and photorespiration were unsuccessful, highlighting how
little variation there is in both the parameter t and Sc/o. In line with this,
a recent meta-analysis of Rubisco kinetic parameters measured in vitro
showed Sc/o varied by only 30 % amongst Form I Rubiscos and less than
10 % amongst C3 plant enzymes (Flamholz et al., 2019).

3. C3 photosynthetic models are based on Rubisco kinetic
properties

The recognition that Rubisco was an oxygenase as well as a

Fig. 1. a) Modelled oxygen dependence of the
CO2 compensation point in the presence of
mitochondrial respiration, Γ (Eq. 6) or the ab-
sence of mitochondrial respiration, Γ* (Eq. 5).
b) Modelled response of CO2 assimilation rate,
A versus chloroplast CO2 partial pressure, C at
200 and 20 mbar O2. The figure is adapted
from von Caemmerer (2000) using Eqs. 2.2 and
2.23 and kinetic constants from table 2.3, with
Vcmax=80 μmo m−2 s−1, J = 132 μmol m−2

s−1 and Rd = 1 μmol m−2 s-1.
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Diffusive uptake of CO2 coupled to loss of H2O  
because both move through stomatal pores
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within the guard cells is electrically balanceddpartly by a Cl! influx (perhaps
via an OH! antiporter or more likely by an Hþ symporter) and partly by the
production of organic anions such as malate in the guard cells. For most plants,
malate and Cl! are the main counterions for Kþ. For some leaves, especially
those in the shade, stomatal opening increases with the light level only up to a
photosynthetic photon flux (PPF) of about 200 mmol m!2 s!1, but for others it
may increase all the way up to full sunlight (approximately 2000 mmol m!2 s!1).

The degree of stomatal opening often depends on the CO2 concentration in
the guard cells, which reflects their own carbohydrate metabolism as well as the
CO2 level in the air within the leaf. For instance, upon illumination, the CO2
concentration in the leaf intercellular air spaces is decreased by photosynthesis,
resulting in decreased CO2 levels in the guard cells, which triggers stomatal
opening. CO2 can then enter the leaf and photosynthesis can continue. In the
dark, respiration generally leads to relatively high CO2 levels in the leaves,
which triggers stomatal closure. Lowering the CO2 concentration in the
ambient air can induce stomatal opening in the dark (again as a response to the
low CO2 level in the guard cells), which indicates that the energy for opening
can be supplied by respiration.

Stomata can also respond directly to light, which stimulates Hþ extrusion
from guard cells, independent of the response to CO2; the light responses

Guard cells
10 µm Pore

OpenPartially openClosed

H+ out
out K+ in
out Cl− in

decreases osmotic pressure increases
out water in

decreases hydrostatic pressure increases
closes stomatal pore opens

(a)

(b)

Figure 8-2. Schematic representation for the opening and the closing of stomatal pores: (a) pair of guard cells as
viewed toward the leaf surface and (b) cellular events involved for the guard cells. Arrows to the
right in panels a and b are for stomatal opening and those to the left are for closing, in both cases
occurring in the chronological order presented from top to bottom in panel b (Kþ, Cle, and H2O
entering during opening come from the adjacent epidermal cells known as subsidiary cells).
(Modified from The Cactus Primer by A. C. Gibson and P. S. Nobel, Harvard University Press,
Cambridge, MA: Copyright © 1986 by A. C. Gibson and P. S. Nobel.)

8.1. Resistances and ConductancesdTranspiration 417

‣ Stomatal conductance controls water loss through transpiration



Appendix I). By Equation 7.22, the heat flux density out of the leaf by tran-
spiration then is

JTH ¼
!
4" 10#3 mol m#2 s#1"!44:0" 103 J mol#1" ¼ 180 W m#2

For the leaf described in the top line of Table 7-1, a heat loss of 180 W m#2 by
evaporation dissipates slightly under half of the net radiation balance
(370 W m#2); the rest of the energy input is removed by heat conduction across
the boundary layer followed by forced convection (Fig. 7-10a).

7.3B. Heat Flux Density for Dew or Frost Formation

So far we have considered the usual case where cewv is greater than ctawv, which
results in a net loss of water from a leaf and a consequent dissipation of heat.
However, when the turbulent air is warmer than the leaf and also has a high
relative humidity, the water vapor concentration in the turbulent air can be
greater than that in the leaf (in Chapter 2, Section 2.4C we noted that the water
vapor concentration and partial pressure at saturation increase rapidly with
temperature, e.g., Fig. 2-16; also, see values for P$

wv and c$wv in Appendix I). If
ctawv is greater than the water vapor concentration in a leaf, then a net diffusion

370

R C

(a) (b)

RL C L

Energy
flux densities

(W m –2

–2

–1

–1

–1

)

190 180

Leaf temperature 25°C –1°C

–66
–49 –17

Air temperature 20°C    1°C
Relative humidity 50%   92%
Wind speed 0.8 m s 0.4 m s
Water flux density 4 mmol m s    transpired  0.2 mm frost in 9 hours

Figure 7-10. Energy budget for an exposed leaf (a) at midday and (b) at night with frost. The flux densities in W
m#2 are indicated for net radiation (R); conduction/convection (C), also referred to as sensible heat;
and latent heat (L). By convention net radiation gain by a leaf is considered positive, whereas heat
conduction/convection and latent heat here represent losses (Eqs. 7.1 and 7.2).

7.3. Latent HeatdTranspiration 389
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Due to the high heat capacity of water, 
transpiration is a key control on leaf temperature
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‣ Photosynthesis is controlled by the interaction of multiple resources and stressors



‣ Part 1: Environmental control of photosynthesis 

—Light: photons, photochemistry, and Cytochrome b6f 

—Carbon dioxide: diffusion, biochemistry, and Rubisco 

—Other resources and stressors 

‣ Part 2: Quantitative expressions for photosynthesis 

—Top down: Monteith 

—Bottom up: Farquhar, von Caemmerer, and Berry 

—Connecting top down to bottom up: Johnson and Berry

Fluxcourse — Theory of Photosynthesis — 2022-07-25

Outline for today:
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The traditional ecological perspective on photosynthesis:

‣ Top down model was formulated by Monteith (1972) 
‣ Bottom up model was formulated by Farquhar, von Caemmerer, and Berry (1980) 
‣ Incomplete separation of environmental versus physiological controls
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‣ GPP: gross primary production (photosynthesis) 

‣ APAR: absorbed photosynthetically active radiation 

‣ LUE: the light-use efficiency of photosynthesis
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The Monteith model: GPP = APAR x LUE
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‣ Aj: potential light-limited rate of photosynthesis 

‣ Ac: potential light-saturated rate of photosynthesis

G. Farquhar S. von Caemmerer J. Berry

Fluxcourse — Theory of Photosynthesis — 2022-07-25

The Farquhar, von Caemmerer, Berry model: A = min of {Aj, Ac}
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‣ Photosynthetic responses to light, temperature, and 
CO2 are non-linear and interact with one another

Fluxcourse — Theory of Photosynthesis — 2022-07-25

FvCB: motivating observations
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‣ The steady-state fluxes are under the kinetic control of the 
rate-limiting step in electron transport or carbon metabolism, 
and the system switches efficiently as the environment varies.

Fluxcourse — Theory of Photosynthesis — 2022-07-25

FvCB: key insight

G.D. Farquhar e t a l.: CO2 Assimila tion in C3 Species 79 
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Fig. 1. Simplified photosynthe tic ca rbon reduction 
(PCR) and photorespira tory carbon oxida tion 
(PCO) cycles , with cycle  for regenera tion of 
NADPH linked to light driven e lectron transport. 
For each carboxyla tion, ~b oxygenations  occur. Gly 
denotes  glycine , Fd- denotes  reduced ferredoxin 
(assumed equiva lent to 1/2 NADPH), PGA denotes  
3-phosphoglycerate, PGIA phosphoglycola te . At 
the compensation point q~ = 2 

If the  e n z ym e  re a c tio n  is  o rd e re d  with  R u P  2 
b ind ing  firs t, c a rb o xyla tio n  a n d  o xyg e n a tio n  ve lo- 
citie s  a re  g ive n  b y (F a rq u h a r 1979) 

C R 
c +/q(1  + o / / ;o )R+ K; 

C/K~ R /K' r 
~ -  gcmax 1 + C /K c + O /K o" 1 + R /K'y (2) 

a n d  

O R 
V~ V~ O-nt- Ko (l q- C/Kc) R  + K; 

O /K o R/K'• 
= V~ 1 + C /Kc +O /K o "1 +R /K; (3) 

whe re  V~m,, a n d  Vomax a re  the  m a xim u m  ve loc itie s  o f 
the  c a rb o xyla s e  a n d  oxyge na s e ,  re s pe c tive ly, C a n d  O 
a re  the  p a rtia l p re s s u re s  o f CO2 a n d  0 2 ,  p(CO2) a n d  
p(O2) re s pe c tive ly, in  e q u ilib riu m  with  the ir d is s o lve d  
c o n c e n tra tio n s  in the  c h lo ro p la s t s tro m a ; K C a n d  K o 
a re  the  Mic h a e lis -Me n te n  c o n s ta n ts  fo r C O  2 a n d  0 2 ;  
R is  the  c o n c e n tra tio n  o f fre e  (u n b o u n d ) R u P  2 a n d  
K'~ is  the  e ffe ctive  Mic h a e lis -Me n te n  c o n s ta n t fo r 
R u P  2. 

Divid in g  (3) by (2) we  o b ta in  ~b, the  ra tio  o f 
o xyg e n a tio n  to  c a rb o xyla tio n .  

~=~cC=romax O/Ko 
Vcma  x "C/Kc (4 )  

F o r e a ch  c a rb o xyla tio n ,  q5 o xyg e n a tio n s  occur. 
We  s e e  th a t s e ve ra l fa c to rs  m a y limit the  ra te  o f 

c a rb o xyla tio n  in vivo. F irs tly the  re la tive  pa rtia l pre s - 
s ure s  o f CO2 a nd  0 2  d e te rm in e  the  p a rtitio n in g  be - 
twe e n  c a rb o xyla tio n  a n d  o xyg e n a tio n .  S e cond ly, the  
a m o u n t  o f a c tiva te d  e n z ym e  p re s e n t d e te rm in e s  the  
m a xim u m  ve loc ity, V~r~, x (a nd, th e re fo re  Vom,x ). Third - 
ly, the  ra te  o f re g e n e ra tio n  o f a c c e p to r,  R u P  2, 
d e te rm in e s  the  c o n c e n tra tio n  o f fre e  R u P  2. Th e  re - 

g e n e ra tio n  ra te  its e lf is  us ua lly limite d  by the  s upp ly 
o f N AD P H  a nd  ATP .  

1.2. N A D P H  and A T P  R e quire m e nts . E a c h  c a rb o c y- 
la tion  p ro d u c e s  two  mole cu le s  o f 3 -p h o s p h o g lyc e ra te  
(P G A); e a ch  P G A is  firs t p h o s p h o ryla te d  a nd  th e n  
re duce d , re q u irin g  one  ATP  a nd  o n e  N AD P H  mo- 
le cule . E a c h  o xyg e n a tio n  p ro d u c e s  o n e  mo le c u le  o f 
P G A a nd  one  o f p h o s p h o g lyc o la te .  In  tu rn  one  mo le  
o f p h o s p h o g lyc o la te  p ro d u c e s  0.5 too l o f P G A.  Th u s : 

ra te  o f P G A p ro d u c tio n  = 2  V~+ 1.5 V o (5) 

Th e  e ve n ts  th a t fo llow o xyg e n a tio n  o f 1 too l 
R u P  2 inc lude  re le a s e  a n d  re fixa tion  o f 0.5 mo l a m- 
m o n ia  (Wo o  e t a l. 1978; Ke ys  e t a l. 1978), a  s e que nce  
which  re qu ire s  the  us e  o f 2 F d -  (re duce d  fe rre doxin ) 
pe r NH +. Th e  P C O  cycle  th e re fo re  a ppe a rs  to  h a ve  
a n  a d d itio n a l cos t o f 0.5 N AD P H  for e a ch  0.5 NH~- 
re fixe d. Th u s : 

ra te  o f N AD P H  c o n s u m p t io n = ra te  o f P G A p ro - 
d u c tio n  
+ ra te  o f NH~  re fixa tion  

=(2  V~+ 1.5 Vo) +0 .5  Vo 

Us ing  (4) 

= (2 + 2 ~b) V~. (6) 

It ha s  s imila rly be e n  s hown  (Be rry a n d  F a rq u h a r 
1978), th a t 

ra te  o f c o n s u m p tio n  o f ATP  =(3  + 3.5q~) ~ (7) 

1.3. Pho tos yn the tic  Ele c tron Trans port. Th e  ra te s  o f 
p ro d u c tio n  o f N AD P H  a nd  ATP  d e p e n d  on  the  ra te  
o f p h o to s yn th e tic  e le c tro n  tra n s p o rt.  Two  e le c trons  
a re  re q u ire d  for the  g e n e ra tio n  o f o n e  NADP H.  Th u s  
fro m  Eq. (6) a n  e le c tron  tra n s p o rt ra te  o f (4 + 4~b) V~ is  
re q u ire d  to  me e t the  ra te  o f N AD P H  c o n s u m p tio n .  
ATP  is  p ro d u c e d  by p h o to p h o s p h o ryla tio n  o f ADP ,  
a nd  c o n tro ve rs y e xis ts  o ve r linka ge  with  e le c tron  
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FvCB: terminology
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FvCB: Ac based on Michaelis-Menten kinetics
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FvCB: Ac accounts for competition between CO2 and O2
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FvCB: simulations of the responses to CO2 and O2
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FvCB: terminology
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FvCB: Aj also accounts for competition between CO2 and O2
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FvCB: Aj expression for electron transport is empirical
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FvCB: simulation of the light response
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FvCB: temperature-dependent parameters
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FvCB: temperature-dependence based on Arrhenius function
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FvCB: temperature-dependence based on Q10 function
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FvCB: simulations of photosynthetic temperature-dependence
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The emerging ecological perspective on photosynthesis:

‣ How exactly is absorbed light used to drive the fixation of carbon dioxide? 
‣ Johnson and Berry (2021) separate the environmental vs. physiological controls

38
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<latexit sha1_base64="SLqeJFGpEl5lC3R23yzYpHC6jF4="></latexit>

Symbol Defintion
J 0
P700 Potential rate of electron transport through Photosystem I

Q Photosynthetically active radiation incident on leaf

↵1 Absorption cross-section of Photosystem I

�P1 (max) Maximum photochemical yield of Photosystem I

Vmax (CB6F ) Maximum activity of Cytochrome b6f complex

<latexit sha1_base64="WEhrUq/r3hvS/hwwqboJIL0AAoo="></latexit>

J 0
P700 =

Vmax (CB6F ) ·Q
Vmax (CB6F )

↵1 · �P1 (max)
+Q

JB: mechanistic expression for the potential rate of electron flow
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<latexit sha1_base64="cxAh5bfNOP4L4VbLvEKUGztaWk4="></latexit>

Aj =
J 0
P680

4 + 8 · �⇤/C
· (1� �⇤/C)�Rd

<latexit sha1_base64="P+Jr4mC7JxOCuteSLeRQHrsOGWw="></latexit>

Ac =
Vmax (RUBC) · C

Kc · (1 +O/Ko) + C
· (1� �⇤/C)�Rd

Light-limited (Cyt b6f-limited) state: Light-saturated (Rubisco-limited) state:

<latexit sha1_base64="t1yjAFoI6pcz0ds+39FQTq3n9uc="></latexit>

Symbol Definition
Aj Potential rate of net carbon dioxide assimilation under Cyt b6f limitation

Ac Potential rate of net carbon dioxide assimilation under Rubisco limitation

C,O Partial pressures of carbon dioxide and oxygen in the chloroplast

J
0
P680 Potential rate of linear electron transport

Kc,Ko Michaelis-Menten constants of Rubisco for carbon dioxide and oxygen

Rd Rate of dark respiration (mitochondrial respiration)

Vmax (RUBC) Maximum carboxylase activity of Rubisco

�⇤ Carbon dioxide compensation point in the absence of dark respiration

<latexit sha1_base64="LmT35lzP98T6FSWoYKuxRGLOW0Q="></latexit>

A = min{Aj , Ac}

Actual state:
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Boreal Temperate Tropical

41
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JB: new tool for understanding and simulating photosynthesis

‣ Diagnostic applications: interpret experimental measurements of leaves & canopies 
‣ Prognostic applications: simulate leaf-level photosynthesis in land surface models
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‣ Part 1: Environmental control of photosynthesis 

—Light: photons, photochemistry, and Cytochrome b6f 

—Carbon dioxide: diffusion, biochemistry, and Rubisco 

—Other resources and stressors 

‣ Part 2: Quantitative expressions for photosynthesis 

—Top down: Monteith 

—Bottom up: Farquhar, von Caemmerer, and Berry 

—Connecting top down to bottom up: Johnson and Berry
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Questions?
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