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Photosynthesis converts solar energy into chemical bond 
energy by capturing  CO2 from the atmosphere and incorpo-
rating it into organic molecules. It is a process central to the 
global carbon cycle, food and energy production, and indeed 
life on Earth. Understanding and modelling photosynthesis 
therefore has a large role to play in society’s quest for a 
sustainable future. Models of photosynthesis are employed, 
for example, in predicting the impact of rising atmospheric 
 CO2 on future climate and in efforts to develop crops that 
utilize resources more efficiently. In this Special Issue, we 
bring together a collection of papers aimed at improving 
models of photosynthesis and their parameterization for ter-
restrial plants.

Photosynthesis can be limited by both the stomatal and 
the mesophyll conductance to  CO2 (Farquhar and Sharkey 
1982; Flexas et al. 2012). An increase in the conductance 
of either one will allow  CO2 to diffuse more readily from 
the atmosphere into the chloroplast stroma  (C3 species) or 
into the mesophyll cells  (C4 species), where carboxylation 
takes place. This Special Issue commences with a Criti-
cal Review by Ubierna et al. (2019) which addresses how 
the arrangement of chloroplasts and mitochondria within 
mesophyll cells of  C3 species impacts the modelling of  CO2 
fluxes between the intercellular air space and the chloroplast 
stroma. Traditional photosynthesis and stable carbon isotope 
discrimination (Δ13C) models have assumed that all (photo)
respired  CO2 must cross the chloroplast before diffusing out 
of the leaf. In reality, all or part of the (photo)respired  CO2 
could diffuse through the cytosol without ever entering the 
chloroplast (Tholen et al. 2012; Farquhar and Busch 2017; 
Yin and Struik 2017). In the review, Ubierna et al. discuss 

photosynthesis models in conjunction with their treatment 
of the (photo)respiratory flux and present a new generalized 
Δ13C model applicable to the case where (photo)respired 
 CO2 can diffuse both into the chloroplast and into the cytosol 
(Ubierna et al. 2019).

Subsequent papers in the Special Issue focus on address-
ing the diffusion resistance of the intercellular air space itself 
(Šantrůček et al. 2019), diurnal patterns of mesophyll con-
ductance and the relation between this and water-use effi-
ciency (Stangl et al. 2019), and variation in the temperature 
response of mesophyll conductance among genotypes of 
soybean, barley and sunflower (Shrestha et al. 2019). Stangl 
et al. (2019) and Shrestha et al. (2019) illustrate the potential 
of laser absorption spectroscopy for high-resolution meas-
urements of leaf  CO2 and water isotope exchange in field and 
laboratory settings, respectively. Stangl et al. (2019) used a 
cavity ring-down  CO2 analyser coupled to a gas exchange 
system to derive diurnal patterns of mesophyll conduct-
ance for Pinus sylvestris trees growing in the field. Shrestha 
et al. (2019) coupled a tunable-diode laser absorption spec-
troscope, a cavity ring-down water isotope analyser and a 
gas exchange system to obtain combined measurements of 
carbon and oxygen isotope discrimination during photo-
synthesis. These data were used to separate total mesophyll 
conductance into wall and chloroplast components, which 
helped investigate the mechanisms behind the observed pat-
terns in mesophyll conductance variation. Šantrůček et al. 
(2019) employed a novel technique looking at the carbon 
isotope composition of leaf cuticles on opposing sides of 
hypostomatous leaves to estimate the drawdown in  CO2 con-
centration caused by the diffusion resistance of the inter-
cellular air space across the leaf. Combined, these papers 
provide refinements to our understanding of the limitations 
of  CO2 diffusion within leaves, and how these can be incor-
porated into existing models of photosynthesis. However, 
they also highlight how mesophyll conductance is a complex 
trait that remains poorly understood (Shrestha et al. 2019).
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The interaction between stomatal conductance and pho-
tosynthesis is central to the coordination of plant water use 
and plant carbon gain, which is often expressed as water-
use efficiency (Cernusak 2019). One of the features of this 
coordination that is still unclear is the mechanism or mecha-
nisms through which stomatal behaviour and photosynthetic 
metabolism communicate to achieve coordination (Engineer 
et al. 2016). This Special Issue includes two papers that pre-
sent advancements on knowledge of this topic: one via a 
model of stomatal movements based on the redox state of 
plastoquinone (Kromdijk et al. 2019), and the other using a 
new formulation of a dynamic model of  C3 photosynthesis 
coupled with a hydro-mechanical model of stomatal behav-
iour (Bellasio 2019).

Empirical stomatal conductance models, such as the 
widely used Ball–Woodrow–Berry (BWB) model (Ball et al. 
1986; Medlyn et al. 2011), assume a direct link between 
photosynthesis and light-induced stomatal movements. 
However, this is inconsistent with a recent hypothesis stat-
ing that guard cells might sense the redox state of the chlo-
roplastic plastoquinone (PQ) pool (Busch 2014; Głowacka 
et al. 2018). Herein, Kromdijk et al. (2019) modified the 
BWB model to incorporate the putative causal relationship 
between PQ redox state and light-induced stomatal move-
ments. Their modified model had a prediction accuracy simi-
lar to the original model, was simple enough to facilitate 
integration in models of greater scale, and the fitted param-
eters were less variable across a range of conditions. If the 
reduced variation in parameters can be shown to hold across 
a larger range of species and conditions, this can facilitate 
the integration of empirical stomatal models in ecosystem 
scale models.

Bellasio (2019) presents a process-based photosynthetic 
model for  C3 photosynthesis that integrates and expands the 
functionalities of previously published dynamic models. 
Traditional steady-state photosynthesis models have lim-
ited functionality when investigating the response of photo-
synthesis to rapid variations in environmental drivers. For 
that reason, dynamic models are more appropriate; however, 
these models must trade-off complexity with practicality. 
The model of Bellasio (2019) is presented in a user-friendly 
format which can be run as a freely downloadable, stand-
alone workbook in  Microsoft®  Excel®.

One of the foremost questions with respect to climate 
change is the extent to which increasing temperatures may 
stress vegetation and reduce photosynthesis rates in tropical 
forests (Cernusak et al. 2013). The final paper in the Special 
Issue explores temperature optima for photosynthesis and 
stomatal conductance in rainforest leaves and the extent to 
which this varies between sun and shade leaves (Slot et al. 
2019). The authors find that there appears to be only a mar-
ginal potential for acclimation of the temperature response 
based on leaf microclimates, and that at supra-optimal 

temperatures carbon gain is largely constrained by stomatal 
conductance.

Almost 40 years after the publication of the landmark 
model of  C3 photosynthesis by Farquhar, von Caemmerer 
and Berry (Farquhar et al. 1980), the modelling of photo-
synthesis remains an active field of research. Models have 
allowed the formulation and testing of new hypotheses, 
which have led to their refinement. Quoting Graham Far-
quhar, “one doesn’t really understand something until one 
can describe it mathematically” (Farquhar et al. 2001). We 
encourage scientists to continue to strive for advances in the 
field of photosynthetic modelling, given that this work can 
provide a clearer understanding of the mechanics behind 
the most central process to life on Earth. We would like 
to express our thanks to all of the authors and reviewers 
who made this Special Issue possible via their contribu-
tions, and additionally to Terry M. Bricker, Editor in Chief 
of Photosynthesis Research for his encouragement, advice 
and assistance.
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