
Letters

New calculations for
photosynthesis measurement
systems: what’s the impact for
physiologists and modelers?

Measurement of carbon dioxide (CO2) and water (H2O) vapor
exchanged by leaves has been tremendously important for advanc-
ing understanding of plant physiology. Typically, photosynthesis
measurement systems estimate the concentration of CO2 andH2O
in air that has passed over a leaf inside a leaf chamber. Together with
additional information such as flow rate, leaf area, and measure-
ment of environmental variables, the calculations of von Caem-
merer & Farquhar (1981), hereafter vCF1981, are used to estimate
CO2 and H2O fluxes between the leaf and atmosphere. The
combination of the vCF1981 calculations and photosynthesis
measurement systems has enabled significant advances in the
understanding and model representation of leaf-level photosyn-
thesis and respiration.

Recently, the theory underlying the vCF1981 calculations has
been updated (Márquez et al., 2021), hereafter M2021. Changing
the core calculations in photosynthesis measurement systems could
have a marked impact on the measurement of leaf-level CO2 and
H2O fluxes, and subsequent effects on derived parameters such as
the maximum carboxylation capacity of Rubisco (Vcmax). Here, we
highlight the implications of the M2021 theory for the plant
physiology, crop breeding, and terrestrial biosphere modeling
communities. We assess the effect of using the M2021 theory in
photosynthesis measurement systems and identify which of the
many measurements and derived parameters are affected.

What changes in the M2021 theory?

The foundation of the vCF1981 and M2021 theories rests on the
shared transport pathways of H2O and CO2 through the leaf
epidermis. TheH2O vapor concentration inside the leaf is typically
assumed to be at saturation, that is, the relative humidity is 100%.
This assumption enables the gradients of H2O vapor to be
calculated frommeasurements made at the leaf surface and enables
estimation of the leaf water conductance (glw). Because H2O and
CO2 share the same transport pathway, leaf CO2 conductance (glc)
can be inferred by accounting for the difference in diffusivity
between CO2 and H2O. In the vCF1981 theory, glc is assumed to
equal to the stomatal conductance to CO2 (gsc) and is calculated as:

g lc ¼
g lw
1:6

Eqn 1

where 1.6 is the ratio of the diffusivities of H2O to CO2 in air
(Jarvis, 1971).

In the M2021 theory, glc considers the cuticular transport
pathway and is calculated as:

g lc ¼ g sw
1:6

þ g cw
20

Eqn 2

where gsw is the stomatal conductance to H2O, gcw is the
cuticular conductance to H2O, and 20 is the ratio of the
conductance through the cuticle of H2O to CO2, which is
markedly higher than the ratio in air (Márquez et al., 2021). In
other words, the diffusivity of H2O and CO2 through the
stomata is of the same order of magnitude (a ratio of 1.6), but
the cuticle is a stronger barrier to CO2 than H2O where the
diffusivity of H2O is much higher than that of CO2 (a ratio of
20). For simplicity, we have used the conservative estimate (20)
of the ratio of H2O and CO2 conductance through the cuticle
provided by Márquez et al. (2021) throughout this letter;
however, this value has been shown to vary between 20 and 40
depending on species and growth conditions (Boyer et al., 1997;
Boyer, 2015a,b; Márquez et al., 2021). Using values higher than
20 would increase the magnitude of the effects of applying the
M2021 theory that we discuss later.

For the same glw, considering solely the stomatal pathway or
including the cuticular pathway can make a large difference to glc,
particularly when the gcw : gsw ratio is markedly above zero. This is
the most important difference between the vCF1981 and M2021
theories. Other differences between M2021 and vCF1981 have a
smaller effect on calculated fluxes but are still notable: (1) The
concentration of H2O and CO2 at the leaf surface is now explicitly
calculated in M2021, which was not the case with vCF1981; (2)
The M2021 theory better represents the molecular collisions
between gases – known as the ternary effect – which can limit gas
transport.

Theoretical changes: The M2021 theory now includes the
cuticular conductance pathway which was not considered by the
vCF1981 theory. It also improves representation of the conditions
at the leaf surface and better represents the collision between gas
molecules.

Whichmeasured gas exchange variables are impacted
by M2021?

Table 1 gives the list of variables of both theories as well as the
expected impact due to application of theM2021 theory. TheH2O
and CO2 concentration at the leaf surface (ws and Cs, respectively)
are an output of M2021 calculations which were not directly given
by vCF1981 calculations. The vCF1981 calculations only gave the
H2O and CO2 concentrations in the atmosphere (wa and Ca,
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respectively). The difference between wa, ws and Ca, Cs is expected
to be low under typical measurement conditions (high flow rates
and high boundary layer conductance). In the M2021 theory the
total leaf water transpiration (ET) is separated into transpiration
through the stomata (Es) and through the cuticle (Ec) but ET
remains the same for both theories. Measurements of glw only

change slightly with the M2021 theory, and thus gsw, which was
previously assumed to equal glw, will change with a difference of
approximately the value of gcw. Importantly, the measured CO2

assimilation rate (A) does not change. Relative to application of the
vCF1981 theory, there is potential for a marked effect on glc when
the M2021 theory is applied. As a consequence of changes in glc,

Table 1 Variables calculatedby the vCF1981andM2021 theories and the expecteddifference in calculated values resulting from the applicationof theM2021
theory with gcw > 0.

vCF1981 M2021 Definition Effect

A A Net CO2 assimilation rate No difference
ET ET Total leaf transpiration rate No difference
— Es Leaf transpiration rate through the stomata New variable
— Ec Leaf transpiration rate through the cuticle New variable
Ca Ca CO2 concentration in the atmosphere No difference
— Cs CO2 concentration at the leaf surface New variable
Ci Ci CO2 concentration inside the leaf Difference (decrease)
gbc gbc Boundary layer conductance to CO2 No difference
gbw gbw Boundary layer conductance to water No difference
glw glw Total leaf water vapor conductance Difference (slight increase)
gsw gsw Stomatal water vapor conductance Difference (decrease)
— gcw Cuticular water vapor conductance New variable
glc glc Total leaf conductance to CO2 Difference (decrease)
gsc gsc Stomatal conductance to CO2 Difference (decrease)
— gcc Cuticular conductance to CO2 New variable
wa wa Water vapor concentration in the atmosphere No difference
— ws Water vapor concentration at the leaf surface New variable
wi wi Water vapor concentration inside the leaf No difference

(a) (b)

Fig. 1 Example of recalculation of A–Ci curves (a) measured on plants with different stomatal conductance (b). (a) Recalculation of A–Ci curves using the
M2021 theory for different values of cuticular conductance (gcw, color ramp) for three different species from an arctic (Petasites frigidus, triangles), temperate
(Quercus cocinear, circles) and tropical (Guatteria dumetorum, squares) environment. The A–Ci curve for G. dumetorum was measured in the San Lorenzo
ProtectedArea in theRepublic of Panamaat 28°Cwith a LICOR6800 (Lamour et al., 2021). TheA–Ci curves forP. frigidus andQ. cocinearweremeasured at a
leaf temperature of 12°C in Alaska, USA and 22°C in New York, USA, using a LICOR 6400XT (Rogers et al., 2017b; Burnett et al., 2021). The A–Ci curves
recalculated with a gcw of 0 mol m−2 s−1 are equivalent to the value resulting from application of the vCF1981 theory and correspond to the original output
given by the photosynthesismeasurement instrumentswhich use the vCF1981 theory. The rangeof gcw used here is similar to the rangepresented byDuursma
et al. (2019) and measured by Márquez et al. (2021; pers. comm.). The effect of gcw on Ci in the three A–Ci curves depends on several factors. The most
important of these is stomatal conductance (gsw, panel b), the lower the stomatal conductance, the greater the effect of gcw onCi. It also depends on ET,A, and
the boundary layer inside the instrument during themeasurements (see Box 1 andM2021 theory,Márquez et al., 2021). Note thatA is notmodified by gcw on
the A–Ci curves. (b) The stomatal conductance (gsw) estimated using the vCF1981 theory (gcw = 0) for the A–Ci curves is presented in (a).
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notable reductions inCi can be realized (see fig. 5 ofMárquez et al.,
2021). Note that an increase in Ci is also possible when A is
negative.

For physiological studies, this means that the protocols that will
be impacted by the M2021 theory are mainly those dependent
uponCi. This includes, as mentioned byMárquez et al. (2021), the
estimation of the mesophyll conductance and the CO2 concentra-
tion inside chloroplasts (Cc) which is based upon measurement of
Ci (Pons et al., 2009). Importantly, it also impacts parameters
estimated fromphotosynthetic CO2 response curves (A–Ci orA–Cc

curves) which are frequently used to parameterize crop and
terrestrial biosphere models. Measurement of variables that are not
dependent on Ci or Cc such as the CO2 assimilation rate at
saturating irradiance (Asat), the directly measured dark-adapted
respiration rate (Rdark) or parameters derived from fitting models
that do not rely on Ci or Cc will not be impacted (e.g. parameters
derived from light response curves, or leaf H2O conductance
measurements).

Measurements:Themain impact of applying theM2021 theory
is a reduction in the estimation of intercellular CO2 concentration
during photosynthesis (i.e. when A > 0). Measurements of the
photosynthetic rate and transpiration are not affected.

Impact of gcw on A–Ci measurements

To illustrate the effect of the gcw onCi and onparameters dependent
on estimation of Ci, we recomputed previously published A–Ci

curves (Rogers et al., 2017b; Lamour et al., 2021; Burnett et al.,
2021) using theM2021 theory considering a range of hypothetical
gcw (0–25 mmol m−2 s−1, Fig. 1). We then estimated the follow-
ing parameters from the recalculated A–Ci data: the maximum rate
of carboxylation (Vcmax), the maximum rate of electron transport
(Jmax), the triose phosphate utilization (TPU) rate, and the CO2

release from the leaf in the light (Rday). Fig. 1 shows that indeed the
new theory modifiesCi. The effect differed among the curves. This
is expected by the theory, and a stronger effect is expected when the
gcw : gsw ratio is high. Here, the arctic species (Petasites frigidus) was
the least affected by consideration of gcw and had the highest
stomatal conductance during the measurement (around
0.20 mol m−2 s−1, Fig. 1(a,b), triangles). In oak (Quercus cocin-
ear) the highest Ci on the A–Ci curve (Fig. 1a, high × ordinate,
circle) showed the greatest response to gcw, as it had the lowest
conductance during the measurement (Fig. 1b). Note that the
measured rates of ET and A – while not directly affected by
application of theM2021 theory – also influence the size of the gcw
effect on Ci (see Box 1).

Fig. 2 shows the effect on parameters derived from A–Ci

curves and highlights the potential for a marked increase in Vcmax

when gcw is high. This result is critical for estimation of
photosynthetic traits because the assumption that gcw is zero (in
the vCF1981 theory) can bias the estimation of Vcmax in leaves
for which gcw is markedly higher than zero. Note that the
parameter Rday is also impacted as it corresponds to the value of
A when Ci equals the CO2 compensation point in the absence of
nonphotorespiratory CO2 release (Γ*). However, note that Rday
fitted during estimation of the other A–Ci parameters is usually

not used in physiological studies and other methods of
estimating Rday are preferred. Interestingly, this also means that
estimation of Rday using the approach of Laisk (1977), that is,
the intersection of several A–Ci curves, could be impacted by the
M2021 theory. However, measurements using the Kok method
(Kok, 1948) which are based on the response of A to irradiance,
and which therefore do not rely on Ci, will not be impacted.
Obviously, direct measurement of dark-adapted Rdark is also
unaffected by the new theory.

Derived parameters:Only parameter estimates that are depen-
dent upon measurement of Ci will be impacted by the M2021
theory. Notably, this includes Vcmax and the estimation of the
mesophyll conductance. Themagnitude of the effect increases with
gcw.

Box 1 Equations of gas transport between the leaf and the leaf surface

Fick’s law of diffusion

Ci ¼ Cs � A

glc Eqn 3

vCF1981 theory

Ci ¼
Cs glc � ET

2

� �� A

glc þ ET
2

Eqn 4

Compared to Fick’s law of diffusion, the vCF1981 theory considers a
ternary effect which hinders the diffusion of CO2 from the leaf surface
toward the inside of the leaf through the stomata aperture due to
collision between CO2 molecules and the much higher number of H2O
molecules flowing in the opposite direction. This effect is represented in
the equations by the terms−ET/2 and+ET/2.Note that if those terms are
considered negligible, then we retrieve the Fick’s law of diffusion (Eqn 4
corresponds to Eqn 3 when ET/2 = 0). In this theory and in Fick’s
representation, glc = gsc and gcc is assumed to be zero (Márquez et al.,
2021). Note that in photosynthesis measurement devices, Cs is not
calculatedby thevCF1981 theory (Table 1) andweassumed itwasequal
to Ca here.

M2021 theory

Ci ¼
Cs gsc þ gcc � Es

2

� �� A

gsc þ gcc þ Es
2

Eqn 5

Compared to the vCF1981 theory, the cuticular conductance pathway is
considered. The ternary effect whichmodifies the flux of CO2 andwater
intoandoutof the leaf is taken intoaccountby theEs/2 terms.Compared
to the vCF1981 model, the transpiration through the stomata (Es) and
the transpiration through the cuticle are also distinguished. Note that if
gcw = 0, then gcc = 0, gsc = glc and ET = Es and therefore, Eqn 5 would
correspond to Eqn 4.

Importantly, the three equations (Eqns 3–5) depend upon the conduc-
tance variables for CO2 (gsc and gcc). Note that the conductance for CO2

is often inferred from the conductance to H2O and that gsc corresponds
to gsw/1.6 but that gcc ranges from gcw/40 to gcw/20 (Boyer et al., 1997;
Boyer, 2015a,b;Márquez et al., 2021) such as gsc+ gcc≠ (gsw+ gcw)/1.6
if gcw is above zero.
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Impact of the M2021 theory on the simulation of
photosynthesis

To simulate photosynthesis, leaf gas exchange models typically
link a leaf gas transport model (e.g. Fick, 1855), a leaf
conductance model (e.g. Medlyn et al., 2011) and a photosyn-
thesis model such as the FvCB model (Farquhar et al., 1980).
The leaf gas exchange models are end-users of the parameters
estimated from data collected by photosynthesis measurement
systems and will be affected by changes in measurements related
to the use of the M2021 theory. In particular, changing the
parameterization of the FvCB model to account for the effect of
the M2021 theory on estimates of A–Ci parameters (Fig. 2)
would alter the simulation of gas exchange, as Vcmax is one of the
most influential parameters in terrestrial biosphere models
(Rogers, 2014; Walker et al., 2021).

However, this is not the only impact of the M2021 theory.
Márquez et al. (2021) focused on the theory of gas transport for
improving calculations in photosynthesis measurement systems.
Importantly, the representation of gas transport is also used in leaf
gas exchange models. Today, in most models, it is represented by
Fick’s law of diffusion (Collatz et al., 1991; Yin & Struik, 2009;
Prieto et al., 2012; Oleson et al., 2013) which is a simpler
representation than that used in both the vCF1981 and M2021
models (Box 1). Leaf gas exchange models typically do not
represent gas transport through the cuticle, and share the flaws that

motivated the publication of the M2021 theory. For example, at
present, the effect of the cuticular conductance is imperfectly taken
into account by the parameter g0 in leaf stomatal conductance
models (Lombardozzi et al., 2017) and the transport of H2O and
CO2 through the cuticle is represented through the stomatal
pathway. Fig. 3 shows an example of differentiating the pathways
in simulations of gas exchange by using theM2021 transportmodel
with a hypothetical range of gcw values (0–25 mmol m−2 s−1).
Changing the transport model substantially modified simulations
ofA andET (Fig. 3) bymodifying glc andCi.Generally, simulatedA
decreased, and ET increased as a consequence of using the M2021
model in place of the Fick’s law of diffusion. This resulted in greater
simulated transpiration for a given rate of photosynthesis, that is, a
reduced water use efficiency. The effect was particularly evident at
high temperature and low humidity (Fig. 3c,d,g,h). Therefore,
consideration of theM2021 theory could be particularly important
whenmodeling the response of CO2 andH2O cycles to drought. A
key advantage of the M2021 theory is an improved representation
of gcw effects in photosynthesis models, which will open the door to
improved representation of the impact of drought (Márquez et al.,
2021), temperature (Schreiber, 2001; Schuster et al., 2016) or leaf
aging (Duursma et al., 2019) on gcw. We also want to emphasize
that if the M2021 theory is used in photosynthesis measurement
systems, photosynthesis models will have to be updated so the
calculations used for parametrization and simulation are the same
(Rogers et al., 2017a).

(a) (b)

(c) (d)

Fig. 2 Impact of gcw on the parameters of the
FvCB model (Farquhar et al., 1980), Vcmax,
Jmax, TPU and Rday (a–d, respectively)
estimated from the A–Ci curves described in
Fig. 1. The A–Ci curves were measured on
three different species (Petasites frigidus,
triangles;Quercus cocinear, circles; Guatteria
dumetorum, squares). The parameters
estimated fromtheA–Ci curvesmeasuredwith
the M2021 theory were standardized by
dividing their values with the ones estimated
using the vCF1981 theory and are unitless.
Only G. dumetorum showed a TPU limitation
so only squares are displayed in (c).
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Modeled fluxes: The transport of gases in leaves is commonly
represented by Fick’s law of diffusion in crop and terrestrial
biosphere models. The M2021 theory improves representation
of gas transport and explicitly accounts for fluxes through the
leaf cuticle which are currently accounted for using stomatal
models.

Conclusion

The new M2021 theory could replace the way gas exchange is
calculated in photosynthesis measurement systems. This would
enable a better estimation of mesophyll conductance and of
parameters derived from A–Ci or A–Cc response curves. The work
of Márquez et al. (2021) therefore highlights that improved
measurement and understanding of gcw is not only important for
drought mortality studies (e.g. Martin-StPaul et al., 2017; Choat
et al., 2018) but also for accurate estimation of important
photosynthetic parameters that determine leaf-level and global
CO2 and H2O fluxes. In addition, the M2021 theory corrects the
representation of gas fluxes through the cuticle. This advance can be

implemented in crop and terrestrial biosphere models that
currently represent cuticular fluxes through the stomatal pathway.
A significant barrier for the broad scale adoption of the M2021
theory in gas exchange systems is the necessity to measure gcw for
which the best methods are still debated (Boyer, 2015a; Duursma
et al., 2019; Márquez et al., 2022). Recent advances, emerging
datasets and new methods for measuring gcw should accelerate the
adoption of this new theory (Duursma et al., 2019;Machado et al.,
2021; Márquez et al., 2022; Slot et al., 2021). Importantly, some
aspects of gas exchange calculations are still uncertain and could
change in the future. For example, plant physiologists andmodelers
typically assume that the H2O content inside the leaf (wi) is at
saturation, which in some circumstances is an oversimplification
that can result in biased estimation of Ci (Canny & Huang, 2006;
Cernusak et al., 2018; Buckley & Sack, 2019). The work of
Márquez et al. (2021) and potential continued development of the
calculations used to describe the exchange of CO2 and H2O
underscores the need to preserve the raw gas exchange data
produced by photosynthesis measurement systems (Ely et al.,
2021).

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 3 Impactof the choiceof the representationofwater andCO2 transport between the leaf andatmosphereonmodelednet assimilation rate (A, panels a–d)
and transpiration (ET, panels e–h). Fick’s law is represented by a red line. The M2021 model is represented by a color ramp for different gcw values. Note that
using a gcw of 0 mol m−2 s−1 corresponded here to the vCF1981 theory. The standard conditions for the simulations were irradiance = 2000 μmol m−2 s−1,
relative humidity = 70%, leaf and air temperature = 25°C, Cs = 400 ppm. The following FvCB parameters measured at 25°C for Guatteria dumetorumwere
used: Vcmax= 36.7 μmol m−2 s−1, Jmax= 66.9 μmol m−2 s−1, TPU= 4.08 μmol m−2 s−1 and Rday= 0.33 μmol m−2 s−1 (Fig. 2, vCF1981).We used the USO
model of leaf conductance (Medlyn et al., 2011), with a g1 of 1.89 kPa0.5 which corresponded to the value measured in G. dumetorum (Fig. 2). The leaf
conductance parameter g0 was set to 0.03 mol m−2 s−1 for Fick’s law of diffusion and for the vCF1981 theory. This parameter is thought to represent the
cuticular conductance and the conductance due to unclosed stomata at low irradiance. Therefore, for the M2021 theory, g0 was set to 0.03 – gcw so the
parametrization is comparable between simulations and gas transport models.

New Phytologist (2022) 233: 592–598
www.newphytologist.com

� 2021 The Authors

New Phytologist� 2021 New Phytologist Foundation

LettersForum

New
Phytologist596



Acknowledgements

This work was supported by the Next-Generation Ecosystem
Experiments (NGEE) – Tropics and NGEE – Arctic projects that
are supported by the Office of Biological and Environmental
Research in the Department of Energy, Office of Science, and
through the United States Department of Energy contract no. DE-
SC0012704 toBrookhavenNational Laboratory,Upton,NY,USA.

Author contributions

JL and AR wrote the manuscript with contributions from KJD,
KSE, QL and SPS. JL analyzed data.

ORCID

Kenneth J. Davidson https://orcid.org/0000-0001-5745-9689
Kim S. Ely https://orcid.org/0000-0002-3915-001X
Julien Lamour https://orcid.org/0000-0002-4410-507X
Qianyu Li https://orcid.org/0000-0002-0627-039X
Alistair Rogers https://orcid.org/0000-0001-9262-7430
Shawn P. Serbin https://orcid.org/0000-0003-4136-8971

Data availability

The gas exchange measurements are available online, linked to the
published datasets associatedwith the original studies (Rogers et al.,
2017b; Burnett et al., 2021). The A–Ci data for Guatteria
dumetorum is publicly available (Lamour et al., 2021). The code
used to process the data is available online (Lamour, 2021).

Julien Lamour1* , Kenneth J. Davidson1,2 ,
Kim S. Ely1 , Qianyu Li1 , Shawn P. Serbin1 and

Alistair Rogers1

1Environmental & Climate Sciences Department, Brookhaven
National Laboratory, Upton, NY 11973-5000, USA;

2Department of Ecology and Evolution, Stony Brook University,
Stony Brook, NY 11794-5245, USA

(*Author for correspondence: email jlamour.sci@gmail.com)

References

Boyer JS. 2015a. Turgor and the transport of CO2 and water across the cuticle

(epidermis) of leaves. Journal of Experimental Botany 66: 2625–2633.
Boyer JS. 2015b. Impact of cuticle on calculations of the CO2 concentration inside

leaves. Planta 242: 1405–1412.
Boyer JS, Wong SC, Farquhar GD. 1997. CO2 and water vapor exchange

across leaf cuticle (epidermis) at various water potentials. Plant Physiology
114: 185–191.

Buckley TN, Sack L. 2019. The humidity inside leaves and why you should care:

implications of unsaturation of leaf intercellular airspaces. American Journal of
Botany 106: 618–621.

Burnett AC, Serbin SP, Lamour J, Anderson J, Davidson KJ, Yang D, Rogers A.

2021. Seasonal trends in photosynthesis and leaf traits in scarlet oak. Tree
Physiology 41: 1413–1424.

von Caemmerer S, Farquhar GD. 1981. Some relationships between the

biochemistry of photosynthesis and the gas exchange of leaves. Planta 153:
376–387.

Canny MJ, Huang CX. 2006. Leaf water content and palisade cell size. New
Phytologist 170: 75–85.

Cernusak LA,UbiernaN, JenkinsMW,Garrity SR, RahnT, PowersHH,Hanson

DT, Sevanto S, Wong SC, McDowell NG et al. 2018. Unsaturation of vapour

pressure inside leaves of two conifer species. Scientific Reports 8: 7667.
Choat B, Brodribb TJ, Brodersen CR, Duursma RA, López R, Medlyn BE. 2018.
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