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The theme of this talk is that the maximum photosynthetic capacity of terrestrial plants 
could be considered to be central to the FLEX mission, for two different reasons: 

1) On physiological timescales, it mediates the relationship between:
• the environmental drivers of photosynthesis, 
• the rate of gross carbon dioxide fixation, 
• and the emission of chlorophyll fluorescence.

2) On ecological and evolutionary timescales, it is also modulated by:
• plant functional type (or lineage functional type),
• environmental resources (i.e., light, temperature, water, carbon dioxide, nutrients),
• and environmental stressors (i.e., resource extremes, pollutants, herbivores, etc.). 

Maximum photosynthetic capacity

2

2



Traditional definition

How has photosynthetic capacity been defined?

• In recent decades, the plant sciences and Earth 
sciences communities have understood the 
maximum photosynthetic capacity of terrestrial 
plants via the Farquhar, von Caemmerer, and 
Berry (1980) framework.

• When the FvCB framework was originally 
extended to represent active and passive 
fluorescence by van der Tol et al. (2014), the 
underlying conceptual model of maximum 
photosynthetic capacity was preserved.
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interdependencies (Fig. 5).

4.2. Leaf physiological models of steady-state fluorescence

Leaf physiological models have aimed to quantify the partitioning of
absorbed radiation to the pathways of PQ and NPQ [Section 2]. Andries
Rosema and co-workers developed the Laser Environmental Active
Fluorosensor (LEAF-NL), which they used to acquire active and passive
fluorescence and to develop a quantitative model for steady-state
fluorescence that describes NPQ as a function of irradiance with two
empirical parameters (Rosema et al., 1998). Their measurements on
poplar seedlings and their modelling showed that NPQ causes a positive
relationship between fluorescence emission and photochemistry effi-
ciency at high light intensities. The values of the fitting parameters in
Rosema's model appeared to depend not only on irradiance, but also on
the temperature and water stress status of the plants. This was con-
sistent with studies using PAM fluorescence showing positive correla-
tion of steady-state fluorescence with actual photosynthesis rate, as
assessed via gas exchange (Flexas et al., 2002), and with the presence of
feedback mechanisms between actual photosynthesis and NPQ (Bilger
and Björkman, 1990). Van der Tol et al. (2009a) modelled this feedback
by introducing the fluorescence emission, the pH-gradient across the
thylakoid membrane, and NPQ, into the photosynthesis model of
Farquhar et al. (1980). Later Lee et al. (2013) and Van der Tol et al.
(2014), on the initiative of Joe Berry, parameterized a simpler model
for this feedback, using a calibrated non-linear relationship between
NPQ and the relative light saturation of photosynthesis (i.e., the ratio of
actual to theoretical maximum electron transport).

These simple models can easily be implemented in canopy-level or
global-scale models, but they still rely on empirical coefficients and lack
a mechanistic process description of the feedback mechanism. Zaks
et al. (2012), Bennett et al. (2018), and Morris and Fleming (2018)
developed a dynamic (time-resolved) model that simulates the pools of
excited chlorophyll and the concentrations of the quenchers, zeax-
anthin and antheraxanthin, using the rate coefficients of the involved
processes in a more mechanistic way. Such mechanistic representations
could be used in remote sensing models for satellite fluorescence as
well.

All of the models for fluorescence, photochemistry and NPQ quan-
tify the initial emission of fluorescence after incident photons have been
captured by photosystems. They do not answer the questions of ‘how

much light is absorbed by the photosystems in the first place?’, nor
‘what happens to the fluorescence after emission by the photosystems?’.
These questions have been addressed with RTMs, for both individual
leaves and vegetation canopies.

4.3. Leaf radiative transfer models for fluorescence

The absorption of incident light and the (re-)absorption of emitted
fluorescence inside leaves has been described in detail by Gitelson et al.
(1999, 1998) and Buschmann (2007). A part of the incident light is
reflected by the leaf surface, while the remaining light penetrates into
the leaf, where it may be absorbed by different pigments, including
chlorophyll, or scattered. When fluorescence is produced, a certain part
is (re-)absorbed by pigments on its way out of the leaf, owing to the
overlap of the fluorescence emission spectrum (~650–800 nm) with the
absorption spectrum of chlorophyll (~400–720 nm). Absorption by
chlorophyll is strong in the red region, thus red fluorescence quickly
saturates and then decreases with increase in leaf chlorophyll content.
As the leaf is far less absorbent in the far-red region, the saturation of
fluorescence is much lower there. Gitelson et al. (1999) showed that for
this reason, the fluorescence peak ratio, i.e., the ratio of far-red to red
fluorescence is correlated with chlorophyll content. Due to re-absorp-
tion, only a little red fluorescence (~690 nm) escapes from the shaded
(usually abaxial) side of the leaf compared to the illuminated (usually
adaxial) leaf side, resulting in different spectral shapes (Louis et al.,
2006; Van Wittenberghe et al., 2013).

For modelling of fluorescence, it was necessary to describe these
processes mathematically. Several leaf RTMs (without fluorescence)
emerged in the 1960s. Most prominent was one by Allen et al. (1970,
1969), using the analogy of a pile of glass plates. An improved successor
is the widely used PROSPECT (from the French PROpriétés SPECTrales)
model, created by Jacquemoud and Baret (1990), which relaxed the
number of plates to be a non-integer to gain more control over the
variability of mesophyll scattering properties of the modelled leaves.

To support the interpretation of fluorescence data from Rosema's
work in the early 1990s, an early attempt was made to incorporate
fluorescence in RTMs for single leaves as well as vegetation canopies,
resulting in the FLSAIL model (Rosema et al., 1991) – also called KMF
(‘Kubelka-Munk Fluorescence’), since it included fluorescence by using
the two-stream approach of Kubelka and Munk (1931). This model
solved the radiative transfer equations numerically using an efficient

Fig. 5. History of leaf physiological and ra-
diative transfer models of leaves and canopy
for fluorescence. Relevant models that do
not include fluorescence are shown in blue.
[1] Kautsky and Hirsch, 1931. [2]
Farquhar et al., 1980. [3] Genty et al.,
1989. [4] Rosema et al., 1998. [5] Zaks
et al., 2012. [6] Van der Tol et al., 2014.
[7] Kubelka and Munk, 1931. [8] Allen
et al., 1970. [9] Jacquemoud and Baret,
1990. [10] Rosema et al., 1991. [11]
Zarco-Tejada et al., 2000a. [12] Zarco-
Tejada et al., 2000b. [13] Pedrós et al.,
2010. [14] Vilfan et al., 2016. [15] Suits,
1972. [16] Verhoef, 1984. [17]
Jacquemoud, 1993. [18]Miller et al., 2005.
[19] Van der Tol et al., 2009b. [20] Yang
et al., 2017. [21] Chen and Leblanc, 1997.
[22] North, 1996. [23] Gastellu-
Etchegorry et al., 1996. [24] Zhao et al.,
2016. [25] Hernández-Clemente et al.,
2017. [26] Gastellu-Etchegorry et al., 2017.
[27] Sellers et al., 1996. [28] Bonan, 1996.
[29] Krinner et al., 2005. [30] Lee et al.,

2015. [31] MacBean et al., 2018. [32] Norton et al., 2018. [33] He et al., 2017. [34] Yang and Van der Tol, 2018. [35] Liu et al., 2018. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Diagram courtesy of Agrisera

Maximum activity of Rubisco
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How should we define photosynthetic capacity?

• The fact that the FvCB framework only resolves the key 
bottleneck in carbon metabolism has limited the 
generality, efficiency, and accuracy with which it has 
been possible to quantitatively relate photosynthesis 
and fluorescence.

• The Johnson-Berry (2021) framework opens a new path 
forward by resolving both of the proteins that determine 
maximum photosynthetic capacity: Cytochrome b6f, 
which controls electron transport, and Rubisco, which 
controls carbon metabolism.

Emerging definition
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Diagram courtesy of Agrisera

Maximum activity of Cytochrome b6f
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Johnson, J. and Berry, J. 2021. Photosynth. Res. 148: 101-136

The triple value proposition of resolving Cyt b6f

• It permits model calibration and validation with 
fully independent measurements.

• It permits modeling of all major regulatory 
interactions as dynamic internal variables.

• It permits calibration of fluorescence intensities 
with fluorescence lifetime measurements.

Moving models beyond “Jmax”
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• BEPS (Y. Zhang)* 
• ELM-FATES (A. Rogers)*
• ORCHIDEE (F. Maignan)
• SiB (I. Baker)

Early adopters of Johnson-Berry

• BESS (Y. Ryu)*
• CLiMA (C. Frankenberg)
• SCOPE (N. Parazoo) 
• TECs (M. Chen)*

• DART (Z. Malenovsky)

Classic land surface models Hybrids or satellite simulators Radiative transfer models
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Does resolving Cyt b6f improve model fit to leaf-level data?

• Lamour et al. have formally compared the Johnson-Berry model 
and the FvCB model in a standardized way against more than a 
thousand measurements of the photosynthetic light response, 
representing more than a hundred different C3 species. 

• The Johnson-Berry formulation fits the measured response of 
leaf-level gas-exchange better than a conventional 
implementation of FvCB with fixed curvature and variable Jmax, 
primarily due to improved fit at intermediate light levels.

Lamour, J. et al. 2026. In review

Application highlight: Lamour et al. 2026
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Lamour, J. et al. 2026. In review

Is the Cyt b6f approach generalizable across taxa?

• The gas-exchange dataset used by Lamour et al. for the 
model intercomparison included light response curves 
from higher plant species representing every major 
terrestrial biome, from the arctics to the tropics.

• For all plant functional types, the fit of the Johnson-Berry 
model to the gas-exchange observations was significantly 
better than that of the conventionally-parameterized FvCB 
model, as judged by the change in RMSE.

Application highlight: Lamour et al. 2026
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Application highlight: Lamour et al. 2026

How does this leaf-level effect scale up to the globe?

• Lamour et al. have run the E3SM land surface model, ELM-
FATES, to quantify the impacts of these changes (left). 

• Using a reduced complexity mode, switching from FvCB to 
Johnson-Berry decreased GPP by a total of 8% (below).

Lamour, J. et al. 2026. In review
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Application highlight: Liu et al. 2026
Page 114 of 230

To what extent does resolving Cyt b6f help 
improve model fit to data at the canopy-level?

• Liu et al. implemented the Johnson-Berry model 
into the Biosphere-atmosphere Exchange 
Process Simulator (BEPS), and compared to 
eddy covariance and tower spectroscopy data at 
sixteen sites. 

• The coupled model, termed BEPS-CB6F, yielded 
modest but consistent improvements in GPP at 
over 80% of sites (left column), and substantial 
improvements in SIF at more than 90% of sites 
(right column).

Liu, Y. et al. 2026. Global Change Biology, In press
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Application highlight: Liu et al. 2026
Page 116 of 230

What are the environmental conditions 
where resolving Cyt b6f helps the most?

• Liu et al. also analyzed the improvements in 
BEPS-CB6F performance in relation to variation 
in three key environmental drivers of 
photosynthesis: light intensity, air temperature, 
and vapor pressure deficit. 

• BEPS-CB6F alleviates GPP overestimation 
under low light, markedly improves SIF 
overestimation under high light, and also 
improves performance under high temperatures 
as well as high vapor pressure deficits.

Liu, Y. et al. 2026. Global Change Biology, In press
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Application highlight: Liu et al. 2026

Liu, Y. et al. 2026. Global Change Biology, In press

Page 117 of 230

Page 117 of 230Page 117 of 230Page 117 of 230Page 117 of 230Page 117 of 230

What drives this? While GPP improvements are in shade leaves, SIF improvements are in sun leaves.
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KU contribution to ESA FLEX Cal/Val AO
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Yang, X. et al. 2026. Annu. Rev. Plant Biol., In press

JB-SCOPE: should improve Stages I and II (i.e., normal Cyt b6f- and Rubisco-limited 
responses), and provide new perspective for studies of Stage III (i.e., stress responses)
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Project objective
The overall objective of this project is to develop and 
validate an approach to quantify maximum 
photosynthetic capacity of terrestrial plants from 
FLEX mission products.

KU contribution to ESA FLEX Cal/Val AO

The approach
• We will implement the Johnson-Berry leaf-level 

photosynthesis model within the SCOPE model, 
• perform inversions driven by FLEX data to retrieve 

estimates of the Cyt b6f and Rubisco, and 
• compare these estimates to in situ measurements 

of the photosynthetic proteins across key plant 
functional types.

Long-term vision 
We envision that this project will lay the foundation 
for a future FLEX L2C experimental science data 
product that quantifies leaf Cytochrome b6f and 
Rubisco contents, complementing the already 
planned products for leaf chlorophyll and carotenoid 
contents.

16

16


