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Abstract
Mesophyll conductance to CO2 from the intercellular air space to the CO2–H2O exchange site has been estimated using δ18O 
measurements (gm18). However, the gm18 estimates are affected by the uncertainties in the δ18O of leaf water where the CO2– 
H2O exchange takes place and the degree of equilibration between CO2 and H2O. We show that measurements of Δ17O 
(i.e. Δ17O = δ17O − 0.528 × δ18O) can provide independent constraints on gm (gmΔ17) and that these gm estimates are less 
affected by fractionation processes during gas exchange. The gm calculations are applied to combined measurements of 
δ18O and Δ17O, and gas exchange in two C3 species, sunflower (Helianthus annuus L. cv. ‘sunny’) and ivy (Hedera hibernica 
L.), and the C4 species maize (Zea mays). The gm18 and gmΔ17 estimates agree within the combined errors (P-value, 0.876). 
Both approaches are associated with large errors when the isotopic composition in the intercellular air space becomes close 
to the CO2–H2O exchange site. Although variations in Δ17O are low, it can be measured with much higher precision compared 
with δ18O. Measuring gmΔ17 has a few advantages compared with gm18: (i) it is less sensitive to uncertainty in the isotopic com-
position of leaf water at the isotope exchange site and (ii) the relative change in the gm due to an assumed error in the equili-
bration fraction θeq is lower for gmΔ17 compared with gm18. Thus, using Δ17O can complement and improve the gm estimates in 
settings where the δ18O of leaf water varies strongly, affecting the δ18O (CO2) difference between the intercellular air space and 
the CO2–H2O exchange site.

Introduction
During photosynthesis, CO2 diffuses from the air surround-
ing the leaf through the leaf boundary layer and stomata 
to the intercellular air space and from there to the carboxyl-
ation site. The conductance from the intercellular air space 
to the carboxylation site is called mesophyll conductance. 
For C3 plants, this transport path crosses different media, 

gas phase (intercellular air space), liquid phase (cell wall, 
cytosol, and stroma), and lipid–protein (plasmalemma and 
chloroplast envelope) (Farquhar et al. 1982; Gillon and 
Yakir 2000a; Evans et al. 2009). For C4 plants, the carbon fix-
ation step occurs in the mesophyll after conversion of CO2 to 
bicarbonate (von Caemmerer et al. 2014).

Estimating mesophyll conductance (gm) and understand-
ing its variability in response to environmental change are 
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essential to improve the scientific understanding of water use 
efficiency (Flexas et al. 2013; Peters et al. 2018), plant–atmos-
phere CO2 exchange, and gross primary productivity (GPP) 
of terrestrial plants (Knauer et al. 2019; Koren et al. 2019) 
across a range of spatial and temporal scales. gm cannot be 
measured directly and its indirect determination is challen-
ging (Warren 2006; Pons et al. 2009). Several techniques are 
used to estimate gm indirectly, including the variable J meth-
od (Fabre et al. 2007; Flexas et al. 2007), the leaf anatomical 
method (Tomás et al. 2013), the curve-fitting method 
(Ubierna et al. 2017), the 13C photosynthetic discrimination 
method (Evans et al. 1986), and the 18O photosynthetic dis-
crimination method (Gillon and Yakir 2000a; Barbour et al. 
2016; Adnew et al. 2021). Details on these gm measurement 
techniques can be found in Pons et al. (2009) and Cousins 
et al. (2020).

Among the isotope discrimination techniques, 13C photo-
synthetic discrimination can only be applied to estimate 
mesophyll conductance (gm13) of C3 plants, whereas 18O 
photosynthetic discrimination is suitable to measure the 
mesophyll conductance (gm18) for both C3 and C4 plants. It 
is important to note that gm13 and gm18 in C3 plants are 
not the same because the carbon and oxygen isotope signals 
do not represent the same diffusional pathways and process 
(Tholen et al. 2012). The fractionation against 13C occurs pri-
marily during carboxylation by Rubisco in the chloroplast. In 
C3 plants, gm13 is therefore the conductance from the inter-
cellular air space to the site of carboxylation (Cousins et al. 
2020). In contrast, there is no or little enzymatic fractionation 
associated with assimilation of 12C18O16O (and 12C17O16O), 
but the oxygen isotope effect during photosynthesis is 
caused by oxygen isotope exchange between CO2 and leaf 
water (Farquhar and Lloyd 1993). The isotope exchange be-
tween CO2 and H2O involves interconversion with bicarbon-
ate and is catalyzed by carbonic anhydrase (CA) (Gillon and 
Yakir 2001). In C3 plants, CA is found in the chloroplast, cyto-
sol, mitochondria, and the plasma membrane (Badger and 
Price 1994; Fabre et al. 2007; DiMario et al. 2016), and the 
CO2–H2O exchange can occur anywhere between the plas-
ma membrane and chloroplast (Ogée et al. 2018). For C4 

plants, CA is mainly found in the cytosol where CO2–H2O ex-
change occurs (Badger and Price 1994; Ogée et al. 2018). gm18 

is thus the conductance of CO2 as it diffuses from the inter-
cellular air space to the site of CO2–H2O exchange for both 
C3 and C4 plants (Gillon and Yakir 2000a, 2000b; Barbour 
et al. 2016).

The oxygen isotope composition of leaf water at the point 
where the CO2–H2O exchange takes place is a key source of 
uncertainty in the estimation of gm using oxygen isotopes be-
cause a considerable and strongly variable oxygen isotope 
variation can develop within the leaf due to the discrimin-
ation associated with evaporation, transport, and diffusion 
of H2O (Gan et al. 2002; Cousins et al. 2006; Song et al. 
2015; Cernusak et al. 2016). Furthermore, δ18O increases 
sharply along the leaf blade, especially for C4 grasses (nar-
rower interveinal distances) (Helliker and Ehleringer 2000; 

Gan et al. 2003; Landais et al. 2006). Recently, Holloway- 
Phillips et al. (2019) explored the use of 18O-enriched CO2 

and 18O-enriched water vapor to improve gm18 estimates 
and provided guidelines to minimize the sensitivity of gm18 es-
timates to measurement errors. Importantly, gm18 estimates 
are more precise when the difference in δ18O of the CO2 be-
tween the intercellular air space and CO2–H2O exchange 
site is large (Holloway-Phillips et al. 2019). A larger δ18O differ-
ence can be achieved by manipulating the δ18O of the CO2 or 
the water vapor entering the leaf cuvette used for the mea-
surements, and/or δ18O value of the irrigation water.

In this study, we investigated the application of Δ17O (the 
deviation from a reference relationship between 17O/16O and 
18O/16O, see section Theory) to estimate the mesophyll con-
ductance. Figure 1 illustrates how Δ17O measurements can 
be utilized to estimate gm which, in principle, is equivalent 
to the one using δ18O. Whereas δ17O and δ18O vary strongly 
depending on time of day, environmental conditions, and 
geographical location (Gat 1996; Angert et al. 2003; Barkan 
and Luz 2007; Landais et al. 2008; Luz and Barkan 2010; 
Uemura et al. 2010; Risi et al. 2013; Aron et al. 2021), Δ17O 
is less affected (Landais et al. 2006; Song et al. 2015; 
Cernusak et al. 2016) since the three-isotope slopes (the re-
lationship between 17O/16O and 18O/16O) of the contribut-
ing processes are rather similar. In particular, the large 
variations in the isotopic composition of meteoric water 
do not affect Δ17O when the reference slope of meteoric 
water λ = 0.528 is chosen, and the effect of water evaporation 
from the leaf is much smaller for Δ17O compared with δ18O 
(or δ17O). Therefore, we hypothesized that the uncertainty in 
the isotopic composition of H2O at the CO2–H2O exchange 
site and the assigned degree of equilibration (θeq) between 
H2O and CO2 would introduce smaller errors to mesophyll 
conductance estimates based on Δ17O measurements com-
pared with estimates using δ18O measurements.

Figure 1. Schematic showing the parameters used to calculate meso-
phyll conductance using δ18O (gm18) and Δ17O (gmΔ17). An is net assimi-
lation. The subscripts a, i, m, wes, and A stand for atmosphere, 
intercellular air space, mesophyll, water at the evaporation site, and as-
similation, respectively.
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We performed gas exchange measurements for the estima-
tion of gm18 and gmΔ17 with two C3 and one C4 species at two 
photon flux densities (PFD), generating a wide variation in 
cm/ca ratios (cm and ca are the mole fraction of CO2 at the 
CO2–H2O exchange site and, in the air, surrounding the 
leaf, respectively). The data were previously used to estimate 
the effect of photosynthetic gas exchange on the Δ17O of at-
mospheric CO2 (Adnew et al. 2020). To quantify the sensitiv-
ity of the gm18 and gmΔ17 estimates to various parameters, we 
used Monte Carlo simulations and a leaf cuvette model 
(Adnew et al. 2020; Koren et al. 2020). The leaf cuvette model 
and analytical equations for gas exchange (von Caemmerer 
and Farquhar 1981; Farquhar and Cernusak 2012) were 
used to quantify the uncertainty due to potential errors in 
the assumption of the oxygen isotope composition of leaf 
water at the CO2–H2O exchange site.

Theory
Oxygen isotopes
Oxygen has two heavy isotopes 17O and 18O, with respective 
natural abundances of approximately 0.038% and 0.2%. Since 
most isotope fractionation processes depend on mass, the 
variations in δ17O and δ18O are closely related as follows 
(Matsuhisa et al. 1978; Young et al. 2002):

17Rsample
17Rreference

=
18Rsample

18Rreference

 λ

(1) 

where 17R = 17O/16O and 18R = 18O/16O and λ is referred to 
as the three-isotope exponent. Equation (1) can be written in 
δ notation as follows:

(δ17O + 1) = (δ18O + 1)λ or (2) 

ln(δ17O + 1) = λ × ln(δ18O + 1) (3) 

where δ17O = (17Rsample − 17Rreference)/17Rreference and δ18O  
= (18Rsample − 18Rreference)/18Rreference. Theoretical considera-
tions suggest that λ varies from 0.5000 to 0.5305 for different 
mass-dependent isotope fractionation processes, but recent 
studies have reported λ values even outside this range 
(Hayles et al. 2017; Adnew et al. 2022; Hayles and 
Killingsworth 2022). Deviations from Equation (3) are quan-
tified as Δ17O, and in this study, we used the linearized def-
inition for Δ17O.

Δ17O = δ17O − λ × δ18O (4) 

Note that the Δ symbol is also commonly used for isotopic 
discrimination or enrichment in biological studies, but we 
use it here to quantify the relative deviations from the line-
arized Equation (3), as shown in Equation (4). For discrimin-
ation associated with assimilation, we use ΔA [see Equations 
(12) and (14)] similar to Farquhar and Lloyd (1993) and 

Farquhar et al. (1993). For the different isotope signals, we 
use ΔA

13C, ΔA
18O, ΔA

17O, and ΔAΔ17O.
Δ17O of CO2 has been suggested as a tracer for constrain-

ing gross primary production (GPP), the total CO2 uptake by 
the plants (Hoag et al. 2005; Thiemens et al. 2014; Hofmann 
et al. 2017; Liang et al. 2017; Koren et al. 2019). Whereas δ18O 
is strongly affected by kinetic and equilibrium fractionation 
processes between CO2 and substrate water and source 
water isotopic inhomogeneity and dynamics, Δ17O variations 
are much smaller and are better defined (Hoag et al. 2005; 
Liang et al. 2017). This is because conventional biogeochem-
ical processes that modify δ17O and δ18O follow a well- 
recognized three-isotope fractionation slope (Young et al. 
2002; Barkan and Luz 2005, 2007; Hoag et al. 2005; Landais 
et al. 2006) (see Fig. 1). For specific process, Δ17O is less sen-
sitive to fractionations due to physicochemical processes 
than δ17O and δ18O (Cao and Liu 2011; Hofmann et al. 
2012). Δ17O can also generally be measured with a better ex-
ternal precision than δ17O and δ18O (Miller et al. 1999), since 
mass-dependent fractionations due to experimental gas 
handling cancel out (Thiemens 2006). However, measure-
ments of Δ17O of CO2 are technically more challenging 
and therefore not widely used. Recent advances in measure-
ment techniques such as the CO2–O2 exchange method 
(Mahata et al. 2013; Barkan et al. 2015; Adnew et al. 2019), 
the O-fragment method (Adnew et al. 2019), and laser spec-
troscopy techniques (McManus et al. 2005; Stoltmann et al. 
2017; Steur et al. 2021) make it possible to measure Δ17O of 
CO2 with a precision better than 0.01‰.

Δ17O of leaf water and CO2 during leaf gas exchange
Figure 1 schematically shows how different processes that are 
involved in leaf–atmosphere exchange affect δ18O, δ17O, and 
Δ17O of H2O (both liquid and vapor) and CO2 due to the dif-
ferent process-specific three-isotope slopes (θ) relative to a 
reference three-isotope slope of λ = 0.528. Note that the 
choice of the reference slope (λ) is arbitrary since in nature, 
isotopic compositions rarely reflect fractionation from a sin-
gle process but instead integrate multiple fractionating pro-
cesses and several θ values (Young et al. 2002; Barkan and Luz 
2005, 2007; Landais et al. 2006). Here, we choose the value λ  
= 0.528 associated with meteoric water (Meijer and Li 1998; 
Luz and Barkan 2010).

Plants take up meteoric water (located on the reference 
line) via the roots, and there is negligible fractionation in 
stem water, which feeds the leaf (Cernusak et al. 2016). 
The preferential evaporation of H2

16O relative to the heavier 
isotopologs leads to an isotope enrichment of the leaf water 
that depends strongly on the opening of the stomata and the 
vapor pressure deficit (VPD) (Gat 1996; Farquhar et al. 2007; 
Gonfiantini et al. 2018). The effect on δ18O therefore shows a 
strong temporal (diurnal) variability. The three-isotope slope 
for liquid–vapor equilibration is well constrained (i.e. θH2O(v) 

−H2O(l) = 0.529), and when the water evaporates, δ17O and 
δ18O of the residual leaf water move upward on this line as 
shown in Fig. 2A (from points A to B, Fig. 1A) while the water 
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vapor in equilibrium with leaf water moves downward (from 
points B to B′, Fig. 2B) (Barkan and Luz 2005). As a result, the 
Δ17O value of the residual liquid water will be slightly higher 
compared with the stem water. However, molecular diffusion 
of equilibrated water vapor through the stomata is asso-
ciated with a θ-value of 0.518 (Barkan and Luz 2007). 
Molecular diffusion results in an enrichment in the δ17O 
and δ18O of leaf water (points B to C, Fig. 2A) while the dif-
fused water vapor is depleted in δ17O and δ18O (B′ to C′, 
Fig. 1B). Since the θ-value for diffusion of water vapor is lower 
than the reference slope (0.518 vs 0.528), the Δ17O of the dif-
fused vapor is higher than the one of the residual leaf water 
(Figs. 1A and 2B) (Barkan and Luz 2007). The magnitude of 
the fractionation due to diffusion (points B to C) depends 
on the VPD: the higher the VPD, the higher the fractionation 

due to the molecular diffusion of water vapor through the 
stomata.

Via stomatal exchange, atmospheric water vapor also af-
fects the isotopic composition of leaf water at the evapor-
ation site (points C to D, Fig. 2A). In general, exchange and 
mixing between leaf water and atmospheric water vapor 
will result in a decrease in δ17O and δ18O of the leaf water. 
The overall 3-isotope slope between stem water and leaf 
water due to the abovementioned processes that affect 
evapotranspiration has been determined to be a function 
of relative humidity (θtrans = 0.522 − 0.008 × RH) (Fig. 2A; 
Landais et al. 2006).

When CO2 enters the plant, its oxygen isotope compos-
ition will equilibrate with leaf water at the exchange site 
(points D to E). The δ17O and δ18O value of the equilibrated 

Figure 2. Oxygen isotope fractionations of Δ17O of CO2 and H2O during photosynthetic gas exchange. A) A schematic for isotope fractionations 
that affect the Δ17O of CO2 and H2O during leaf atmosphere gas exchange (not to scale), including interaction of leaf water with atmospheric water 
vapor. The triple oxygen isotope relationships for the individual isotope fractionation processes (both kinetic and equilibrium fractionations) are 
given as θ-values. θtrans = 0.522 − 0.008 × RH (Landais et al. 2006), θCO2−H2O = 0.5229 (Barkan and Luz 2012), θCO2−diff = 0.509 (Young et al. 2002), 
θH2O(v)−H2O(l) = 0.529 (Barkan and Luz 2005), and θH2O(v)−diff = 0.518 (Barkan and Luz 2007), where “v” and “l” are vapor and liquid water, respect-
ively. The ϵ18O values quantify the enrichment or depletion in the 18O isotope composition due to the corresponding isotope fractionation process, 
and “diff” and “trans” refer to diffusion and transpiration, respectively. A) shows only the liquid water (leaf water) and the CO2 that undergo ex-
change with leaf water and diffuse out of the leaf. B) The effect of evaporation of water in δ17O–δ18O space showing the Δ17O and δ18O changes for 
equilibration between liquid and gas phase water and diffusion of water vapor. Note that B) does not show interaction with atmospheric water 
vapor. B′ and C′ are the water vapor in equilibrium with leaf water in the intercellular air space (with point B) and water vapor diffused through 
stomata to the atmosphere, respectively.
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CO2 is higher than the one of leaf water, while the Δ17O value 
of the CO2 will be lower than the leaf water (Brenninkmeijer 
et al. 1983; Barkan and Luz 2012). After isotope exchange 
with leaf water, part of the CO2 diffuses back to the atmos-
phere with a θ-value of 0.509 (Young et al. 2002), which re-
sults in a relatively higher Δ17O value and lower δ17O and 
δ18O values compared with the CO2 in equilibrium with 
leaf water (points E to F, Fig. 2A). We note that the Δ17O va-
lue of CO2 diffusing out from the leaf can end up below or 
above the reference line depending on how negative or posi-
tive the Δ17O value of the CO2 at the CO2–H2O site is. Still, 
the variations in Δ17O are much smaller than the signals in 
δ18O, as described below.

The effect of each process on the Δ17O value of either H2O 
or CO2 can be quantified using the δ18O fractionation of that 
process (ϵp) and the three-isotope slope of the specific pro-
cess (θp) (Hofmann et al. 2017; Koren et al. 2019; Adnew 
et al. 2020), as shown in Equation (5).

Δ17OP ≈ (θP − λRL) × εp (5) 

For instance, when leaf water is enriched in δ18O by ϵ18Odiff 

due to diffusion, its Δ17O value changes only by (θdiff −  
λRL) × ϵ18Odiff. Since θdiff − λRL = 0.518 − 0.528 = −0.01, the 
effect on Δ17O is only 1% of the effect on δ18O. Similarly, 
the fractionation associated with the oxygen isotope ex-
change between CO2 and leaf water for δ18O is ϵ18OCO2– 

H2O, but the change in Δ17O is only (θH2O–CO2 − λRL)  
= (0.5229 − 0.528) = − 0.0051 × ϵ18OH2O–CO2, thus 0.51% of 
the change in δ18O (Hofmann et al. 2017; Koren et al. 2019; 
Adnew et al. 2020).

Mesophyll conductance calculation
gmΔ17 (mol m−2 s−1 bar−1) can be derived from measure-
ments of Δ17O using Equation (6) under the assumptions 
that (i) the isotopic equilibration between CO2 and H2O in 
the mesophyll is complete (θeq = 1) and (ii) the oxygen iso-
topic composition of leaf water at the CO2–H2O exchange 
site is the same as at the evaporation site (Farquhar et al. 
1993; Gillon and Yakir 2000a, 2000b; Barbour et al. 2016; 
Ubierna et al. 2017; Holloway-Phillips et al. 2019).

gmΔ17 =
An/P

ci − cmΔ17
(6) 

An (µmol m−2 s−1) is the assimilation rate, P (bar) is the total 
atmospheric pressure, ci (µmol mol−1) is the CO2 mole frac-
tion in the intercellular air space, and cmΔ17 is the mole frac-
tion at the CO2–H2O exchange site, calculated using Δ17O 
measurements as follows (see Supplemental data for a de-
tailed derivation):

cmΔ17 = ci
Δ17Oi − Δ#17OA − Δ∗17Ow

Δ17Om − Δ#17OA − Δ∗17Ow

 

(7) 

where Δ17Oi and Δ17Om are the Δ17O of CO2 in the intercel-
lular air space and at the CO2–H2O exchange site, respective-
ly. Δ17Oi and Δ17Om are calculated from the δ17O and δ18O 
values of CO2 in the intercellular air space (index i) (Δ17Oi =  
δ17Oi − λ × δ18Oi) and at the CO2–H2O exchange site in the 
mesophyll (index m) (Δ17Om = δ17Om − λ × δ18Om). Δ∗17Ow 
is calculated in a similar manner from the 17O and 18O frac-
tionation of CO2 during diffusion and dissolution in water 
(a17w and a18w). Δ#17OA is a modified definition of Δ17O of 
the assimilated CO2 where the individual δ values (δ17OA 

and δ18OA) are multiplied by α17w and α18w, respectively 
(Equation (8)).

Δ# 17OA = δ17OA × α17
w − λ × δ18OA × α18

w (8) 

The analogous equation for the estimate of cm using δ18O 
measurement is shown as Equation (9) (Cernusak et al. 
2004; Farquhar and Cernusak 2012; Barbour et al. 2016; 
Osborn et al. 2017).

cm18 = ci
δ18Oi − δ18OA × α18

w − a18w

δ18Om − δ18OA × α18
w − a18w

 

(9) 

The numerical value of a18w is 0.8‰ (Farquhar and Lloyd 
1993). The fractionation for 12C18O16O during dissolution 
is −0.8‰ (Vogel et al. 1970).The corresponding fraction-
ation in 12C17O16O is −0.418‰, calculated from the 
12C18O16O fractionation due to equilibrium dissolution 
using θCO2–H2O = 0.5229 (Barkan and Luz 2012). We assume 
that the 13C16O16O fractionation during diffusion in water 
is the same as the fractionation against 12C17O16O 
(Farquhar and Lloyd 1993) and use the average fraction-
ation determined for 13C16O16O of 0.8‰ [average of 
0.7‰ (O’Leary 1984) and 0.9‰ (Jähne et al. 1987)]. The 
12C17O16O fractionation due to the sum of the equilibrium 
dissolution and diffusion in water is then 0.8‰  
+ (−0.418‰) = 0.382‰ (a17w).

Substituting Equation (7) for cmΔ17 in Equation (6) and re-
arranging terms, gmΔ17 can be expressed as follows:

gmΔ17 =
An/P

ci − cmΔ17

=
An/P

ci

 
Δ#17OA + Δ∗17Ow − Δ17Om

Δ17Oi − Δ17Om

(10) 

In Equation (10), Δ*17Ow is constant and Δ17Om is mainly de-
pendent on the Δ17O of leaf water. Δ#17OA and Δ17Oi are de-
pendent on the Δ17O of the CO2 entering the cuvette. The 
θeq affects Δ17O of CO2 at the CO2–H2O exchange site, 
Δ17O of CO2 in the intercellular air space, and Δ17O of the 
assimilated CO2. The detailed derivation of Equation (10) is 
provided in the Supplemental data. The analogous equation 
for the estimate of gm using δ18O measurement is shown as 
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Equation (11) (Cernusak et al. 2004; Farquhar and Cernusak 
2012; Barbour et al. 2016; Osborn et al. 2017):

gm18 =
An/P

ci − cm18

=
An/P

ci

 
δ18OA × α18

w + a18w − δ18Om

δ18Oi − δ18Om

(11) 

The θeq between CO2 and H2O has been the subject of in-
tense discussion. Several studies have indicated that it may 
not always be unity, especially for plants with lower CA activ-
ity and high CO2 uptake rate (Gillon and Yakir 2000a, 2000b, 
2001; Cousins et al. 2006; Studer et al. 2014; Ogée et al. 2018). 
In vitro CA assay studies using CO2 concentrations and alka-
linity similar to the levels found in leaves suggest that CO2 

should always be in isotope equilibrium with leaf water 
(Cousins et al. 2007; Studer et al. 2014; Barbour et al. 2016; 
Ubierna et al. 2017); however, ΔA

18O-drived θeq values contra-
dict the in vitro CA assays (Cousins et al. 2006). Recently, 
Ogée et al. (2018) reevaluated published estimates of gm 

and θeq, incorporating the competition between CO2 hydra-
tion and carboxylation and the contribution from respiratory 
fluxes. They concluded that for C3 species, θeq remains close 
to unity, and for C4 species (for instance Zea mays), θeq is 
above 0.75. Furthermore, derived values of gm and θeq are 
not very sensitive to the respiratory fraction for both C3 

and C4 plants (Ogée et al. 2018). In this study, we investigated 
the sensitivity of gmΔ17 and gm18 estimates to the assumed θeq 

ranging from 0.75 to 1 and assuming that the respiratory frac-
tionation is 0.

In addition to estimating mesophyll conductance to the 
CO2–H2O exchange site using the oxygen isotope compos-
ition, we calculated gm13, the conductance from the intercel-
lular air space to the chloroplast where the carboxylation 
takes place using δ13C of CO2. A detailed derivation and ex-
planation of gm13 is provided in Evans et al. (1986). More in-
formation on ΔA

18O and gm18 can be found in Gillon and Yakir 
(2000a, 2000b), Barbour et al. (2016), and Holloway-Phillips 
et al. (2019). Supplemental Table S1 in the Supplemental 
data provides a list of all equations and variables used in 
this study.

To estimate the precision with which gm18 and gmΔ17 can 
be derived from measurements in gas exchange experiments, 
we used Monte Carlo simulations of gm following 
Holloway-Phillips et al. (2019). Using a leaf cuvette model 
(Adnew et al. 2020; Koren et al. 2020) and assuming constant 
assimilation rate, stomatal, and mesophyll conductance, we 
simulated the mole fraction and isotopic composition of 
CO2 in the air surrounding the leaf, in the intercellular air 
space, and at the CO2–H2O exchange site under steady-state 
conditions, varying the isotopic composition of the incoming 
CO2 over a wide range. We then used the model results, in-
cluding realistic measurement error estimates based on ex-
periments and uncertainties in assumptions, to calculate 
the apparent discrimination ΔA

18O and the oxygen isotope 

composition of the assimilated CO2 (δ18OA) (Evans et al. 
1986; Barbour et al. 2016) and their uncertainties:

Δ18
A O =

ζ (δ18Oa − δ18Oe)
1 + δ18Oa − ζ (δ18Oa − δ18Oe)

(12) 

δ18OA =
δ18Oa − Δ18

A O
Δ18

A O + 1

= δ18Oa − ζ ( δ18Oa − δ18Oe)

(13) 

ζ = ce/(ce − ca), where ce and ca are the mole fraction of CO2 

entering and leaving the cuvette, respectively. δ18Oe and 
δ18Oa are the δ18O of CO2 entering and leaving the cuvette, 
respectively. Details of the model setup are provided in the 
Supplemental data. Similarly, the photosynthetic discrimin-
ation in Δ17O (ΔAΔ17O) is calculated as shown in Equation 
(14) (Adnew 2020; Adnew et al. 2020).

ΔAΔ17O =
ζ (Δ17Oa − Δ17Oe)

1 + Δ17Oa − ζ (Δ17Oa − Δ17Oe)
(14) 

where Δ17Oe and Δ17Oa are the Δ17O of CO2 entering and 
leaving the cuvette, respectively.

Results
CO2 gradient in different leaf compartments and 
discrimination against 18O and Δ17O during 
assimilation
As shown in Table 1 and Fig. 3, the CO2 mole fraction succes-
sively decreases from the cuvette air (set to about 400 µmol 
mol−1 by adjusting the airflow with 500 µmol mol−1 of CO2) 
to the site of carboxylation during photosynthetic activity. 
The fast-growing C3 herbaceous annual sunflower 
(Helianthus annuus L. cv. ‘sunny’) had a high CO2 assimilation 
rate associated with a large conductance for CO2 diffusion and 
a high cm value. This contrasts with the slower growing C3 ever-
green ivy (Hedera hibernica L.) that had a much lower assimi-
lation rate, conductance, and cm. The C4 herbaceous annual 
maize (Z. mays) combined a high assimilation rate with a low 
stomatal conductance but a high mesophyll conductance, re-
sulting in a low cm value. The average fraction of CO2 entering 
the leaf that is assimilated, calculated as (ca − cc)/ca, is 40% and 
50% for sunflower and ivy, respectively (Fig. 3 and Table 1).

Figure 4A shows the discrimination against 18O associated 
with assimilation (ΔA

18O) for sunflower, ivy, and maize as a 
function of the cm18/ca ratio. ΔA

18O varied with cm18/ca, in 
agreement with previous studies (Farquhar et al. 1993; 
Gillon and Yakir 2000a; Barbour et al. 2016; Osborn et al. 
2017). For sunflower, we observe ΔA

18O values between 
29‰ and 64‰ for cm18/ca between 0.54 and 0.86. Ivy showed 
relatively little variation of ΔA

18O around a mean of 22‰ for 
cm18/ca between 0.48 and 0.58. For maize, ΔA

18O and cm18/ca 
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were lower than for the two C3 species measured in this 
study.

Figure 4B shows discrimination against Δ17O associated 
with assimilation (ΔAΔ17O) for sunflower, ivy, and maize as 
a function of the cmΔ17/ca ratio. ΔAΔ17O strongly depends 
on the relative difference in the Δ17O of the CO2 entering 
the leaf and Δ17O value of leaf water. When 17O-enriched 
CO2 was used (solid symbols), the discrimination against 

Δ17O was stronger [more negative values, see also Adnew 
et al. (2020)].

Both ΔA
18O and ΔAΔ17O are not intrinsic properties of 

plant CO2 uptake, but are strongly dependent on the differ-
ence between the oxygen isotope composition of leaf water 
and of the CO2 entering the leaf (Cousins et al. 2006; 
Holloway-Phillips et al. 2019; Adnew et al. 2020). The frac-
tionation associated with the initial fixation by the enzyme 

Table 1. Summary of gas exchange parameters determined in experiments with sunflower, ivy, and maize

Parameter Unit PFD (µmol m−2 s−1) Sunflower Ivy Maize

An µmol m−2 s−1 300 18 (0.7) 12 (0.8) 17 (2)
1,200 29 (2) 15 (2) 32 (2)

gs mol m−2 s−1 300 0.49 (0.17) 0.10 (0.02) 0.08 (0.01)
1,200 0.42 (0.05) 0.15 (0.03) 0.16 (0.02)

gm18 mol m−2 s−1 bar−1 300 0.53 (0.16) 0.21 (0.05) 0.32 (0.08)
1,200 0.45 (0.16) 0.18 (0.03) 0.32 (0.02)

gmΔ17 mol m−2 s−1 bar−1 300 (normal CO2) 0.57 (single) 0.21 (0.09) 0.36 (0.15)
300 (17O-enriched CO2) 0.41 (0.13) 0.14 (0.04) 0.20 (0.07)
300 (both normal and 17O-enriched CO2) 0.45 (0.13) 0.17 (0.08) 0.28 (14)
1,200 (normal CO2) 0.60 (0.17) 0.17 (0.04) 0.38 (0.23)
1,200 (17O-enriched CO2) 0.29 (0.05) 0.15 (0.01) 0.19 (0.03)
1,200 (both normal and 17O-enriched CO2) 0.45 (0.21) 0.17 (0.02) 0.31 (0.19)

gm13 mol m−2 s−1 bar−1 300 0.31 (0.06) 0.18 (0.08) ND
1,200 0.29 (0.10) 0.13 (0.02) ND

ca µmol mol−1 All 402 (3) 403 (3) 403 (3)
ci µmol mol−1 300 354 (11) 276 (13) 184 (21)

1,200 321 (10) 295 (13) 184 (16)
cc µmol mol−1 300 294 (9) 199 (38) ND

1,200 211 (38) 175 (26) ND
cmΔ17 µmol mol−1 300 (both normal and 17O-enriched CO2) 300 (6) 207 (36) 120 (41)

1,200 (both normal and 17O-enriched CO2) 241 (37) 207 (12) 71 (46)
cm18 µmol mol−1 300 319 (10) 219 (10) 134 (15)

1,200 256 (26) 213 (12) 89 (17)

The mole fraction of CO2 at the H2O–CO2 exchange site is calculated assuming that the isotopic composition of leaf water at the site of CO2–H2O exchange is the same as at the 
site of evaporation. Numbers in parenthesis are the standard deviation of the mean (1σ). PFD is the photon flux density of photosynthetically active radiation. cm18 and cmΔ17 are 
the mole fraction of CO2 in the mesophyll calculated from δ18O and Δ17O measurements, respectively.

Figure 3. A schematic representation of the various resistances during diffusion of CO2 in the leaves of two C3 plants (sunflower and ivy) and one C4 

plant (maize). The data are mean values, where c is the mole fraction of CO2 in µmol mol−1 and the subscripts a, i, m, and c stand for air surrounding 
the leaf, intercellular air space, CO2–H2O exchange site (“mesophyll”), and chloroplast, respectively. Mean assimilation rates are also indicated.
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RubiscO (ribulose-1,5-bisphosphate carboxylase-oxygenase) 
or PEP (phosphoenolpyruvate) has no/negligible effect on 
the δ18O and Δ17O value of CO2 (Farquhar and Lloyd 1993; 
Adnew et al. 2021). As a result, ΔA

18O and ΔAΔ17O can be 
positive, 0, or negative depending on the oxygen isotope 
composition of the CO2 entering the leaf and the isotope 
composition of leaf water (Adnew 2020). ΔA

18O is proportional 
to cm/(ca − cm) × (δ18Om − δ18Oa) (Farquhar and Lloyd 1993; 
Hofmann et al. 2017; Koren et al. 2019), and ΔAΔ17O is pro-
portional to cm/(ca − cm) × (Δ17Om − Δ17Oa) (Hofmann 
et al. 2017; Koren et al. 2019; Adnew et al. 2020) whereas 
ΔA

13C is proportional to (b − a13)cc/ca, where a13 is the 13C 
discrimination due to diffusion and b is the discrimination 
due to Rubisco (Farquhar et al. 1982, 1989; Farquhar and 
Lloyd 1993).

Mesophyll conductance
As shown in Fig. 5, the mean gmΔ17 and gm18 estimates are 
similar within the errors for all plant species. Both gmΔ17 

and gm18 estimates do not show a significant difference 
when irradiation changes from 300 to 1,200 µmol m−2 s−1 

for all the plant species. As shown in Fig. 5 and Table 1, 
gmΔ17 estimates for sunflower, ivy, and maize are lower 
when 17O-enriched CO2 is used relative to normal CO2 at 
all light conditions. The error bars are the standard deviation 
of the 3 replicates, which include measurement errors and 
difference between individual leaves. The gmΔ17 and gm18 va-
lues for the individual experiments are shown Supplemental 
Fig. S1 of the Supplemental data.

Influence of Δ17Oi − Δ17Om on gm
Figure 6A shows the error in the gmΔ17 estimates for our ex-
periments as a function of Δ17Oi − Δ17Om. As expected, the 
error in the gmΔ17 estimates is higher at lower Δ17Oi −  

Δ17Om. This can be understood from Equation (10) that is 
used to calculate gmΔ17: the value of the denominator be-
comes very small (close to 0) when Δ17O in the intercellular 
space and in the mesophyll are very similar, leading to large 
uncertainties in gmΔ17. To estimate the error in gmΔ17, we as-
sumed a measurement error in Δ17O of 0.02‰. The Δ17O er-
rors are much smaller than the error of the individual δ 
values (Miller et al. 1999). For instance, the typical error for 
δ17O and δ18O of H2O samples is 0.1‰ to 1‰ whereas the 
Δ17O is determined with an error smaller than 0.01‰ 
(Uemura et al. 2010; Aron et al. 2021). This is partly due to 
the fact that mass-dependent fractionations during experi-
mental gas handling cancel out (Thiemens 2006). Figure 6B, 
shows a similar plot for the error in the gm18 estimates as a 
function of δ18Oi − δ18Om. Here we assumed an error in 
δ18O measurements of 0.6‰ and 0.1‰ for water vapor 
and CO2, respectively. Similar to gmΔ17, the error gm18 in-
creases when the absolute value of δ18Oi − δ18Om decreases.

A B

Figure 4. Oxygen isotope discrimination of CO2 during photosynthetic gas exchange. A) Discrimination against 18O (ΔA
18O) during photosynthesis 

for two C3 plants, sunflower (SF) and ivy (IV), and the C4 plant maize (MZ) as a function of cm18/ca measured in HL and LL conditions. B) Δ17O 
photosynthetic discrimination (ΔAΔ17O) for the same plants as a function of cmΔ17/ca. N and E stand for normal and 17O-enriched CO2, respectively. 
LL and HL stands for low-light and high-light experiments, respectively.

Figure 5. gmΔ17 and gm18 estimates for sunflower (SF), ivy (IV), and 
maize (MZ) at LL (solid) and HL (open). For the gmΔ17 estimate, the ex-
periments were done with enriched CO2 (E) and with normal CO2 (N). 
The error bars represent the standard deviation for replicate experi-
ments (n = 3). The dashed line is the 1:1 line.
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We evaluated the sensitivity of gmΔ17 to the Δ17O of CO2 

by investigating (Δ17Oi − Δ17Om) differences of 0.2‰, 0.5‰, 
1‰, and 1.5‰, respectively, using a leaf cuvette model and 
Monte Carlo simulations (Fig. 7). The relative error in 
gmΔ17 due to measurement error increases when the 
|Δ17Oi − Δ17Om| decreases, as was demonstrated for gm18 es-
timates by Holloway-Phillips et al. (2019). When |Δ17Oi −  
Δ17Om| is close to 0, the errors in gm estimates are very large. 
Also, for |Δ17Oi − Δ17Om| = 0.5‰, typical errors are still 50% 
of the assigned gm value. Similar Monte Carlo simulations for 
gm18 are shown in the Supplemental data (Supplemental 
Fig. S2).

Sensitivity of mesophyll conductance to the θeq and 
to the choice of the 3-isotope reference slope λRL
As described in the Introduction, the choice of the reference 
slope λRL used for the calculation of Δ17O values is to a cer-
tain degree arbitrary (Hofmann et al. 2012; Adnew et al. 
2019). As described above, the precision of gmΔ17 is sensitive 
to Δ17Oi − Δ17Om. We investigated how changes in the as-
sumed θeq value affect Δ17Oi − Δ17Om and subsequently 
gmΔ17. Conceptually, we expect that when θeq is lower, 
Δ17Om is less modified by isotope exchange and thus less dif-
ferent from Δ17Oi. To test the sensitivity of Δ17Oi − Δ17Om 

on θeq, we used θeq ranging from 0.75 to 1 for each experi-
ment to calculate Δ17Om. Indeed, Supplemental Fig. S3 shows 
that for each individual experiment, lower values of the as-
sumed θeq result in a lower Δ17Oi − Δ17Om. The effect of 
θeq on the Δ17Oi − Δ17Om estimates is linear. Isotope ex-
change between CO2 and H2O in the mesophyll determines 
both Δ17Om and δ18Om (Supplemental Fig. S4). δ18Oi −  
δ18Om also decreases as θeq decreases from 1 to 0.75 as shown 
in Supplemental Fig. S3. Figure 8A shows the effect of θeq on 
Δ17Oi − Δ17Om (circles) and δ18Oi − δ18Om (stars) for an ex-
periment with gmΔ17 and gm18 value of 0.163 mol m−2 s−1 

bar−1 and 0.169 mol m−2 s−1 bar−1, respectively, and Δ17Oi  

− Δ17Om and δ18Oi − δ18Om differences of 0.486‰ and 
−9.445‰, respectively, at θeq = 1. When θeq decreases, CO2 

equilibrates less with the mesophyll water; thus, Δ17Oi  

− Δ17Om and δ18Oi − δ18Om decreases (Δ17Om and δ18Om 

stay closer to Δ17Oi and δ18Oi, respectively).
Figure 8B shows the effect of θeq on the difference gm18 −  

gmΔ17 for the initial conditions mentioned above (gmΔ17 ≅  
gm18). This dependence is a measure of the uncertainty 
that is introduced to the gmΔ17 and gm18 estimates when 
100% equilibration is assumed although the equilibration is 
in fact not complete. When θeq is lower than 1, gm18 and 
gmΔ17 increase (Supplemental Fig. S5). This is in agreement 
with the results from Barbour et al. (2016), who showed 
that the gm18 estimates increase when equilibration is as-
sumed to be incomplete. The effect of θeq on the gmΔ17 

and gm18 estimates is not linear. An increase in gm18 −  
gmΔ17 with a decrease in θeq illustrates that gm18 estimates 
are more sensitive to θeq value compared with gmΔ17 esti-
mates (Supplemental Fig. S5). For further information, the ef-
fect of θeq on gmΔ17 and gm18 for all individual experiments is 
shown in Supplemental Figs. S6 and S7, respectively.

The gm values also depend on the choice of λRL. Figure 9
shows the gmΔ17 values and Δ17Oi − Δ17Om determined 
using λ values between 0.516 and 0.5305. The absolute value 
of Δ17Oi − Δ17Om is smaller for lower values of λRL (Fig. 9). 
The effect of the choice of λRL is small when the difference 
Δ17Oi − Δ17Om is high (open symbols); for instance, the 
gmΔ17 changes only by 0.05 as λRL changes from 0.516 to 
0.5305 for Δ17Oi − Δ17Om of about 0.8‰ as shown in 
Fig. 9. However, when Δ17Oi − Δ17Om is close to 0 (solid sym-
bols), the choice of λRL results in a large variation of gmΔ17.

Influence of uncertainty in water isotopic 
composition on gm
The oxygen isotope composition of water across a leaf can 
have a considerable gradient. This causes an uncertainty in 

A B

Figure 6. Sensitivity of gm estimates to the oxygen isotope difference of CO2 between the intercellular air space and mesophyll. Error in gmΔ17 A) and 
gm18 B) estimates as a function of Δ17Oi − Δ17Om and δ18Oi − δ18Om, respectively. This refers to the overall error of the gm determination as further 
explained in the text for the individual experiments.
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our knowledge of the isotopic composition of water at the 
site where CO2–H2O exchange takes place. This in turn 
causes an uncertainty in the estimate of the oxygen isotope 

composition of the CO2 in equilibrium with the leaf water. 
Consequently, the oxygen isotope composition of CO2 in 
the intercellular air space is not well defined, which affects 

Figure 7. Probability distribution of the error in gmΔ17 [relative error = (simulated gmΔ17 − assigned gmΔ17)/assigned gmΔ17] due to measurement 
error in the Δ17O measurements of CO2 and water vapor for four different values of Δ17Oi − Δ17Om, for an “assigned” value of gmΔ17 = 0.5 mol m−2 

s−1 bar−1. The analysis is performed with a Monte Carlo approach using simulated gas exchange parameters from the leaf cuvette model. For Δ17O, 
we assigned an error of 0.01‰, similar to the precision for CO2 and water vapor Δ17O measurements. Δ17O of CO2 varied from 5‰ to 0‰ to gen-
erate the corresponding Δ17Oi − Δ17Om differences. The δ18O and Δ17O values of leaf water are 10‰ and 0‰, respectively.
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the gm estimate [see Equations (10) and (11) for gmΔ17 and 
gm18, respectively]. We performed a sensitivity analysis to de-
termine the effect of a potential uncertainty in the assumed 
δ18O of H2O at the CO2–H2O exchange site in the range of 
−8‰ to 8‰ on gm18 and gmΔ17 estimates. This range is based 
on published estimates (Gan et al. 2003; Landais et al. 2006; 
Cernusak et al. 2016). For the comparison, we took the ex-
periment where our gm18 and gmΔ17 estimates were similar 
(0.178 mol m−2 s−1 bar−1 and 0.188 mol m−2 s−1 bar−1, 
respectively). The values of |Δ17Oi − Δ17Om| and |δ18Oi −  
δ18Om| for this experiment were 0.39‰ and 9.4‰, respect-
ively. The corresponding δ17O value of H2O is calculated 
from the δ18O assuming that the transpired water has a 
Δ17O value of typical meteoric water as described in the 

Materials and methods section (Δ17O value of CO2 at the 
CO2–H2O exchange site). As shown in Fig. 10, the induced 
uncertainty for gm18 (Δgm18, stars) is much larger than the 
one for gmΔ17 (ΔgmΔ17, circles). This is largely due to the 
much smaller effect on |Δ17Oi − Δ17Om| compared with 
|δ18Oi − δ18Om| (color bar).

Discussion
The gmΔ17 values determined from measurements of Δ17O 
agree within errors with gm18 with an overall P-value of 
0.876 (for the individual plant species, the P-values are 
0.598, 0.203, and 0.5475 for sunflower, ivy, and maize, respect-
ively, because they cover smaller ranges). The determination 

A B

Figure 8. The effect of the assigned θeq on the CO2 oxygen isotope composition difference between the intercellular air space and mesophyll. A) 
Δ17Oi − Δ17Om and δ18Oi − δ18Om and B) gm18 − gmΔ17 values. The gm values (gm18 and gmΔ17) and oxygen isotope differences between the inter-
cellular air space and mesophyll (Δ17O and δ18O) at θeq = 1 are determined experimentally. Values at θeq < 1 are simulated assuming that the other 
parameters such as the oxygen isotope composition of the CO2 and water vapor leaving and entering the cuvette, assimilation rate, etc., remain 
constant.

Figure 9. Effect of λRL on the gmΔ17 estimate. The gmΔ17 and Δ17Oi − Δ17Om values given in the legend are for experiments calculated using λRL =  
0.528 (a reference slope used in this study). The gmΔ17 and Δ17Oi − Δ17Om values of the experiments were recalculated using a λRL ranging from 0.516 
to 0.5305.
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of gmΔ17 using Δ17O can be improved by measuring Δ17O of 
the water vapor leaving and entering the cuvette. This would 
allow independent assessment of the Δ17O value of the evap-
orating water. Measurements of Δ17O and thus its applica-
tion to determine gmΔ17 will become technically easier in 
the future due to laser spectroscopy techniques that enable 
measurement of the Δ17O of CO2 (Steur et al. 2021) and 
water vapor (Outrequin et al. 2021) with a precision better 
than 0.01‰.

Our estimates of gm18 for sunflower are in good agreement 
with values reported in previous studies (Shrestha et al. 2019; 
Adnew et al. 2021). For maize, gm18 = 0.31 mol m−2 s−1 bar−1 

is within the wide range of 0.169 to 0.9 mol m−2 s−1 bar−1 re-
ported in the literature (Flexas et al. 2012; Ubierna et al. 2017, 
2018; Kolbe and Cousins 2018; Adnew et al. 2021; Crawford 
and Cousins 2021). However, Barbour et al. (2016) and 
Gillon and Yakir (2000a) reported even higher gm18 values 
for maize, 1.78 mol m−2 s−1 bar−1 and 1.0 mol m−2 s−1 

bar−1, respectively. Differences in mesophyll conductance 
might be caused by different experimental and growing con-
ditions such as temperature, CO2 mixing ratio, leaf age, and 
|δ18Oi − δ18Om| (Evans and von Caemmerer 2013; Barbour 
et al. 2016; Osborn et al. 2017; Ubierna et al. 2017, 2018; 
Kolbe and Cousins 2018; Holloway-Phillips et al. 2019; 
Crawford and Cousins 2021). The lower gm for Hedera com-
pared with Helianthus might be due to the low mesophyll 
porosity and thick cell walls of mesophyll cells which hinder 
the movement of CO2 within intercellular air space and 
across cell walls as reported for evergreen woody plants 
(Niinemets 2016; Veromann-Jürgenson et al. 2017; Carriquí 
et al. 2020; Eckert et al. 2021; Evans 2021; Flexas et al. 
2021). Our results confirm previous findings in C3 species 
that gm18 is generally higher than gm13, demonstrating that 
oxygen isotope equilibration between CO2 and H2O is 
achieved in the diffusion pathway before the CO2 reaches 
the site of carboxylation for sunflower and ivy (Table 1).

No significant differences in the mesophyll conductance es-
timates (both gmΔ17 and gm18) were found between PFDs of 
300 [low-light (LL)] and 1,200 [high-light (HL)] µmol m−2 s−1 

for the 3 species used in this study. For gmΔ17, the P-value be-
tween LL and HL experiments is 0.984, 0.786, and 0.652 for 
sunflower, maize, and ivy, respectively. For gm18, the P-value 
between LL and HL experiments is 0.493, 0.897, and 0.286 
for sunflower, maize, and ivy, respectively. This is similar to 
our earlier results in Adnew et al. (2021), where gm18 of sun-
flower did not show a light intensity effect between 200 and 
1,500 µmol m−2 s−1 and Ogée et al. (2018) where gm18 did 
not show a significant (P > 0.5) change with an irradiance 
change from 150 to 1,500 µmol m−2 s−1 for Flaveria bidentis 
and tobacco (Nicotiana tabacum) leaves.

Estimates of gm (both gmΔ17 and gm18) increase when we 
assume a lower θeq, as reported previously for gm18 

(Barbour et al. 2016; Ubierna et al. 2017; Ogée et al. 2018). 
The choice of the three-isotope reference slope does not 
cause a large uncertainty on gmΔ17 estimates when |Δ17Oi  

− Δ17Om| is higher than about 0.2‰.

One of the limitations of estimating gm using the 18O iso-
tope composition is the uncertainty in the δ18O value of H2O 
at the CO2–H2O exchange site. Using Δ17O measurements, 
the error in the gm estimate due to the uncertainty in the 
oxygen isotope composition of leaf water at the CO2–H2O 
exchange site is lower than for the gm18 estimate as shown 
in Fig. 10. The uncertainty introduced in the Δ17O value of 
the CO2 in the mesophyll can be calculated as follows:

ΔΔ17Om = (0.5229 − 0.528) × Δδ18Owes

= 0.0051 × Δδ18Owes
(15) 

where 0.5229 is θCO2–H2O and 0.528 is the reference slope 
used in this study. Δδ18Owes is change in the δ18O of leaf 
water at the exchange site. Δ17O changes only by 0.0051‰ 
for a ‰ change in the δ18O value leaf water at the CO2– 
H2O exchange site.

Our model calculations highlight a potentially important 
source of discrepancy of gm values between different studies, 
especially when the difference between the isotopic compos-
ition of CO2 in the intercellular air space and the CO2 in equi-
librium with leaf water (|δ18Oi − δ18Om| or |Δ17Oi − Δ17Om|) 
is small. An overestimation of gm was demonstrated by 
Holloway-Phillips et al. (2019) for Vicia faba when the 
ΔA

18O was close to 0. This effect can be compensated to 
some degree by choosing CO2 with an oxygen isotopic com-
position deviating from the CO2 at the CO2–H2O exchange 
site. The manipulation required in the Δ17O of the CO2 to 
reach a certain precision in gmΔ17 is smaller (in absolute 
terms) than the manipulation of δ18O for gm18. The isotopic 
manipulation can be also done on the Δ17O and δ18O values 
of the water vapor entering the cuvette. We note that there is 
an important “feedback” between gm and |δ18Oi − δ18Om| or 
|Δ17Oi − Δ17Om|: when gm increases, CO2 exchange between 
mesophyll and intercellular air space becomes higher, which 
decreases |δ18Oi − δ18Om| or |Δ17Oi − Δ17Om|.

gm estimates are: (i) strongly dependent on the mole frac-
tion in the intercellular air space (ci): the lower the ci, the 
higher the gm value is (Osborn et al. 2017; Ubierna et al. 
2017, 2018; Kolbe and Cousins 2018; Crawford and Cousins 
2021), and (ii) strongly dependent on the |Δ17Oi − Δ17Om| 
and |δ18Oi − δ18Om| (Figs. 6 and 7). We recommended re-
porting the oxygen isotope difference between the intercel-
lular air space and mesophyll and the mole fraction of CO2 

in the intercellular air space along with other parameters 
for better comparison between the gm estimates from differ-
ent studies.

Conclusion
The feasibility of using Δ17O to estimate gm in a gas exchange 
experiment from Δ17O measurements of the CO2 and H2O 
entering and leaving a leaf cuvette is demonstrated in this 
study. Based on the model developed by Farquhar and 
Cernusak (2012) for δ18O, we derived the mathematical 
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formalism for calculating gmΔ17 from Δ17O of CO2 and leaf 
water during a gas exchange experiment. An important par-
ameter in the determination of gm by oxygen isotopes is the 
difference between the oxygen isotopic composition of CO2 

in the intercellular air space and at the CO2–H2O exchange 
site. The uncertainty in the gmΔ17 estimates due to a poten-
tially erroneous estimate of θeq is lower compared with the 
gm18 estimate for consistent differences |Δ17Oi − Δ17Om| 
and |δ18Oi − δ18Om|. The choice of the three-isotope expo-
nent (λ) is not a limiting factor for using Δ17O measurements 
as a tracer for mesophyll conductance if |Δ17Oi − Δ17Om| is 
not close to 0. The sensitivity of both oxygen isotope techni-
ques can be enhanced by using H2O and/or CO2 with large 
differences in δ18O and Δ17O between the intercellular air 
space and the CO2–H2O exchange site, by modifying the iso-
topic composition of the CO2. Nevertheless, the oxygen iso-
tope techniques are prone to larger errors for plant species 
with high mesophyll conductance where |Δ17Oi − Δ17Om| 
and |δ18Oi − δ18Om| will be smaller regardless of the Δ17O 
and δ18O value of the CO2 entering the cuvette.

Materials and methods
Plant material and growth conditions
Plant growth and experimental conditions have been de-
scribed in detail in Adnew et al. (2020) and are briefly sum-
marized here. Plants were grown in a controlled 
environment growth room at air temperature 20 °C, relative 
humidity 70%, PFD 300 µmol m−2 s−1, and a photoperiod of 
16 h. A dwarf variety of sunflower (H. annuus L. cv. ‘sunny’), 
an herbaceous C3 species with the highest cm/ca ratio 
(Adnew et al. 2021), was grown from seed in 0.6-L pots. 
The first leaf pair was used for the experiments, which 
reached the final size after about 4 week of growth. Later ap-
pearing leaves above were removed to avoid shading of the 
target leaves. For ivy (H. hibernica L.), a woody C3 species 
with an intermediate cm/ca ratio, established juvenile plants 
were used. They were grown in 6-L pots and pruned when 
placed in the growth room. Leaves that had developed to 
maturity in the growth room were used for the experiments. 
Maize (Z. mays L. cv. ‘saccharate’), an herbaceous C4 species 
with the lowest cm/ca ratio, was grown from seed in 1.6-L 
pots. After at least 7 week, the 4th or higher leaf number 
was used for the experiments when fully grown. A section 
of the leaf at about 1/3 from the tip was used for the 
experiments.

Gas exchange experiments
Gas exchange experiments were performed in a flow-through 
system with a leaf cuvette that had a window of 7 × 7 cm. A 
detailed description of the leaf cuvette is provided in Pons 
and Welschen (2002) and Adnew et al. (2021). The air tem-
perature was kept at 20 ° C using a temperature-controlled 
water bath (Tamson TLC 3, The Netherlands). Leaf tempera-
ture was measured with a K type thermocouple. A fan inside 

mixed the air thoroughly and kept boundary layer conduct-
ance high, about 5 mol m−2 s−1depending on leaf size, as deter-
mined according to Parkinson (1985). Experiments were 
performed at two PFDs, the growth PFD of 300 µmol m−2 s−1 

(LL) and a higher PFD closer to light saturation of 1,200 µmol 
m−2 s−1 (HL). For each experiment, a single leaf was used. For 
each experimental condition, replicate measurements were 
carried out. All the data are evaluated using python, and 
the P-value is calculated using the “Scipy.stats.ttest_ind” py-
thon package. The P-value is determined by comparing the 
t-statistic of the observed data against a theoretical 
t-distribution.

Compressed outside air was passed through soda lime to 
scrub the CO2, and pure CO2 was injected to produce a 
CO2 mole fraction of 500 µmol mol−1 with well-known iso-
topic composition. Airflow through the cuvette with the 
leaf was adjusted to result in a mole fraction in outgoing 
air of 400 µmol mol−1. The large drawdown of 100 µmol 
mol−1 was necessary to produce a sufficiently large isotope 
signal. The air was humidified and kept at a specified dew 
point by leading it through a temperature-controlled col-
umn. The humidity of the air entering the cuvette was ad-
justed based on H2O partial pressure of the air leaving the 
cuvette to avoid condensation which was monitored with 
a dew point meter (HYGRO-M1, General Eastern, 
Watertown, MA, USA). The CO2 mole fraction of air entering 
and leaving the cuvette was measured with an infrared gas 
analyzer in absolute mode (IRGA, model LI-6262, LI-COR 
Inc., NE, USA). The mole fraction and isotopic composition 
of water vapor were measured with a water vapor isotope 
analyzer (WVIA, model 911-0034, Los Gatos Research, 
USA). The mole fraction of CO2, and the mole fraction and 
isotope composition of water vapor of the air entering the 
cuvette were measured for about 10 min, whereas the air 

Figure 10. Uncertainty in gm18 (stars) and gmΔ17 (circle) estimates 
when the CO2–H2O exchange happens at a different isotope composi-
tions than assumed (or calculated for the evaporation site). The differ-
ence in gm is the difference in gm between the assigned value and gm 

calculated at a different value of δ18Owes. The different gm18 and 
gmΔ17 values are simulated assuming all the other parameters such as 
the oxygen isotope composition of the CO2 and water vapor leaving 
and entering the cuvette, assimilation rate, etc., remain constant. The 
color bars are different for Δ17Oi − Δ17Om and δ18Oi − δ18Om.
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leaving the cuvette was measured until steady state was 
reached (about 2 h). Figure 11 shows a simplified schematic 
for the experimental setup showing the parameters mea-
sured and assumed or calculated during this study.

Two types of CO2 were used, “normal” CO2 (Air Products, 
Germany) and 17O-enriched CO2. The latter was prepared by 
photochemical isotope exchange between CO2 and O2 in-
duced by a UV lamp (Shaheen et al. 2007; Adnew et al. 
2019). The δ18O of the CO2 entering the cuvette ranged 
from 27.25‰ to 30.49‰. The δ13C of the CO2 ranged from 
−10.23‰ to −3.27‰. The δ13C and δ18O values were deter-
mined by measuring the CO2 against a working standard on 
an isotope ratio mass spectrometer (IRMS) in a dual-inlet 
mode where the working standards were calibrated against 
NBS 19. For “normal CO2,” Δ17Oe = −0.333‰ for all experi-
ments and plant types. Enriched CO2 had Δ17Oe = 0.22‰ 
for the experiments with sunflower and maize and Δ17Oe =  
0.34‰ for ivy.

Measurements started after the experimental conditions 
in the leaf exchange system had reached steady state in 
terms of the rates of CO2 uptake and transpiration, and 
the δD and δ18O of water vapor leaving the cuvette. Gas ex-
change variables were recorded, and subsequently, the air 
was collected in 3 2-L glass flasks after passing through a 
Mg(ClO4)2 dryer. Leaf area was measured with a LI-3100C 
area meter (Li-COR, Inc., USA). After the experiment, the 
leaf was placed in a closed glass vial and kept in a freezer 
at −20 °C until leaf water extraction. Leaf water was ex-
tracted by cryogenic vacuum distillation for 4 h at 60 °C fol-
lowing a well-established procedure (Landais et al. 2006). 
The δ17O and δ18O of leaf water were determined at the 

Laboratoire des Sciences du Climat et de l’Environnement 
using a fluorination technique.

Carbon dioxide extraction and isotope analysis
CO2 was extracted from the air samples cryogenically in a sys-
tem made from electropolished stainless steel. Our system 
used 4 commercial traps (MassTech, Bremen, Germany). 
The first 2 traps were operated at dry ice temperature 
(−78 °C) to remove moisture and some organics. The other 
2 traps were operated at liquid nitrogen temperature (−196 ° 
C) to trap CO2. The extracted CO2 was first measured for 
δ13C and δ18O with a DeltaPlusXL IRMS (Thermo Fisher, 
Germany) in dual-inlet mode. After the isotope measure-
ment, the remaining gas in the bellow of the IRMS was frozen 
back into the break seal tube for the measurement of 
Δ17O. The Δ17O of CO2 was determined using the CO2–O2 

exchange method (Barkan et al. 2015; Adnew et al. 2019). 
A detailed description of the CO2–O2 exchange system at 
Utrecht University is given in Adnew et al. (2019, 2022). 
Equal amounts of CO2 and O2 were mixed in a quartz reactor 
containing a platinum sponge catalyst at the bottom and 
heated at 750 °C for 2 h. After isotope equilibration, the 
CO2 was trapped at liquid nitrogen temperature, while the 
O2 was collected with 1 pellet of 5 Å molecular sieve 
(1.6 mm, Sigma-Aldrich, USA) at liquid nitrogen tempera-
ture. The isotopic composition of the isotopically equili-
brated O2 was measured with a DeltaPlusXL IRMS in 
dual-inlet mode with reference to a pure O2 working gas 
that has been assigned values of δ17O = 9.254‰ and δ18O =  
18.542‰ by measurements of multiple aliquots by E. Barkan 
at the Hebrew University of Jerusalem.

Figure 11. Schematic of the gas exchange experiment. Parameters in black are measured and parameters in red are calculated or assumed. IRW 
refers to irrigation water. c and w stand for mole fraction of CO2 and water, respectively, and the subscripts e, a, s, i, es, m, and c stand for entering 
the cuvette, leaving the cuvette, leaf surface, intercellular air space, mesophyll, evaporation site, and chloroplast, respectively. gb, gs, and gm stand for 
boundary layer conductance, stomatal conductance, and mesophyll conductance, respectively.
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Monte Carlo simulation and leaf cuvette model
In our leaf cuvette model, the leaf is partitioned into 3 differ-
ent reservoirs: the intercellular air space, the mesophyll cell, 
and the chloroplast (Adnew et al. 2020; Koren et al. 2020). 
For this model, we assumed an infinite boundary layer con-
ductance. In the leaf model, we used a 100 µmol mol−1 draw-
down of CO2 similar to the photosynthesis experiments. The 
assimilation rate was set to 20.0 µmol m−2 s−1, and the leaf 
area and flow rate of air were set to 30 cm2 and 
0.7 L min−1, respectively. For the purpose of simulation, we 
used the bulk leaf water measurements as the reference value 
for the evaporative site H2O isotope composition. These va-
lues were 5.39‰ and 10.648‰ in δ17O and δ18O, respectively, 
which was the mean of the δ17O and δ18O values of bulk leaf 
water measured for sunflower, ivy, and maize in our experi-
ments. The δ18O of the CO2 entering the cuvette was 
30.47‰, which is the δ18O value of the CO2 used in the ex-
periments (normal CO2 experiments). The leaf cuvette mod-
el has been explained in detail in Adnew et al. (2020), and the 
model code is available at https://git.wur.nl/leaf_model/ 
D17O (Koren et al. 2020).

To investigate the dependency of gm estimates on the meas-
urement error at different values of Δ17Oi − Δ17Om, we first 
calculated an isotopic steady state (i.e. mole fractions and δ va-
lues in each of the compartments) for a leaf cuvette experi-
ment using the leaf cuvette model described above. Δ17O of 
CO2 entering the cuvette (Δ17Oe) was set to values between 
0‰ and 4.8‰, which resulted in Δ17Oi − Δ17Om differences 
of 0.2‰ to 1.5‰, respectively (Fig. 10), to evaluate the sensi-
tivity of gmΔ17 on the measurement error depending on 
Δ17Oi − Δ17Om differences. The δ18O value of the CO2 enter-
ing the cuvette was varied between 30.47‰ and 53.4‰.

Δ17O value of CO2 at the CO2–H2O exchange site
In this study, we did not measure the δ17O value of the water 
vapor entering and leaving the cuvette. The δ17O value of the 
water at the evaporation site was calculated based on the as-
sumption that the isotopic composition of transpired water 
was the same as the source water (steady state) (Harwood 
et al. 1998; Yepez et al. 2007; Welp et al. 2008; Cernusak et al. 
2016) and the source water had a similar Δ17O value as meteor-
ic water (Hofmann et al. 2017; Koren et al. 2019; Adnew et al. 
2020). The δ17O of the transpired water was calculated from 
the δ18O value of the transpired water and the Δ17O value 
of the meteoric water (Luz and Barkan 2010) as follows:

δ17Otrans = exp(0.033+0.528×log(δ18Otrans+1)) − 1 (16) 

where δ18Otrans is δ18O value of the transpired water and cal-
culated as follows:

δ18Otrans =
wa

wa − we

 

× (δ18Owa − δ18Owe) + δ18Owe (17) 

we and wa are the mole fractions of water entering and leaving 
the cuvette, respectively, and δ18Owe and δ18Owa are 
the corresponding δ18O values. The δ17O value of water at 
the evaporation site (δ17Owes) is then calculated from the 
δ17Otrans, δ18Otrans and δ18O of water at the evaporation site 
(δ18Owes) as follows:

δ17Owes =
δ18Owes + 1
δ18Otrans + 1

 λtrans

× (δ17Otrans + 1) − 1 (18) 

where λtrans is the three-isotope exponent for transpiration 
(Landais et al. 2006) which depends on humidity of air (RH) 
and is calculated as

λtrans = 0.522 − 0.008 × RH for 0.3 ≤ RH ≤ 1 (19) 

δ18Owes is calculated as follows:

δ18Owes = (1+ε18
equ) (1+ε18

k ) (1+δ18Owa) 1−
wa

wi ×h

 

+
wa

wi ×h
(1+18 Otrans)



−1

(20) 

where ϵ18
equ is the equilibrium fractionation between liquid 

water and vapor, and ϵ18
k is the fractionation of water va-

por as it diffuses through stomata and leaf boundary layer. 
wi is the mole fraction of water vapor in the intercellular 
air space, and h is the humidity in the intercellular air 
space.

The 17O isotopic composition of CO2 at the CO2–H2O ex-
change site (δ17Om) is calculated as follows:

δ17Om = θequ ×
δ18Om +1
δ18Owes +1

 0.5229

× (δ17Owes +1)−1

 

+ (1−θequ)×δ17Omo

(21) 

where 0.5229 is the three-isotope exponent for the CO2–H2O 
isotope exchange (Barkan and Luz 2012). In case of incom-
plete equilibration, the fraction of 17O isotopic composition 
CO2 in the mesophyll that has not equilibrated with meso-
phyll water, δ17Omo, is calculated as follows (Cernusak et al. 
2004; Farquhar and Cernusak 2012):

δ17Omo =δ17Oa − a̅17 1−
cc

ca

 

(22) 

where a̅17 is the diffusional fractionation of 17O of 
CO2 that can be calculated as follows (Farquhar 
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and Lloyd 1993; Cernusak et al. 2004; Farquhar and 
Cernusak 2012):

a̅17 =
(ci −cm17)a17w + (cs −ci)a17s + (ca −cs)a17b

ca −cm17
(23) 

δ18Om is the δ18O of CO2 at the CO2–H2O exchange site 
(in the mesophyll), calculated as follows:

δ18Om = δ18Owes ×θequ × (1+ε18
w )+θequ ×ε18

w

+ (1−θequ)×δ18Omo
(24) 

where ϵ18
w is 18O isotope fractionation during the CO2– 

H2O isotope exchange (Brenninkmeijer et al. 1983):

εw =
17, 604

Tleaf
−17.93 (25) 

δ18Omo is the isotope composition of CO2 in the meso-
phyll that has not equilibrated with mesophyll water 
which is calculated as follows (Cernusak et al. 2004; 
Farquhar and Cernusak 2012):

δ18Omo = δ18Oa − a̅18 1−
cc

ca

 

(26) 

where a̅18 is the diffusional fractionation of 18O of CO2 

that can be calculated as follows (Farquhar and Lloyd 
1993; Cernusak et al. 2004; Farquhar and Cernusak 2012):

a̅18 =
(ci −cm18)a18w + (cs −ci)a18s + (ca −cs)a18b

ca −cm18
(27) 

Finally, the Δ17O value of CO2 at the exchange site 
(Δ17Om) is calculated as follows:

Δ17Om =δ17Om −0.528×δ18Om (28) 

Alternative equations for calculating Δ17Om (Δ17O value 
of CO2 at the exchange site) are shown from Equations 
(29) to (31). The Δ17O value of CO2 in equilibrium 
with the leaf water (Δ17Omequ) can be calculated from 
the Δ17O value of leaf water and the equilibrium fraction-
ation between water and CO2 as follows:

Δ17Omequ =Δ17Owes + (0.5229−0.528)×εH2O–CO2 (29) 

The Δ17O value of CO2 in equilibrium value of CO2 in the 
mesophyll which is not equilibrated with leaf water 
(Δ17Omo) can be calculated as follows:

Δ17Omo =Δ17Oa − (a̅17 −0.528× a̅18)× 1−
cc

ca

 

(30) 

Equation (28) can be expressed using Equations (23) and 
(24) as follows:

Δ17Om =θequ ×Δ17Omeq + (1−θequ)×Δ17Omo (31) 
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Supplemental Figure S5. The sensitivity of derived gm18 and 
gmΔ17 values in our experiments on the assumed value of θeq.

Supplemental Figure S6. The sensitivity of derived gmΔ17 

values in our experiments on the assumed value of θeq. The 
color indicates the value of Δ17Oi − Δ17Om.

Supplemental Figure S7. The sensitivity of derived gm18 

values in our experiments on the assumed value of θeq. The 
color indicates δ18Oi − δ18Om.

Supplemental Table S1. List of variables and equations 
used in this study to calculate gas exchange parameters 
and carbon and oxygen 3-isotope discriminations.
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