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Chapter 1 

Introduction   
 

1.1. Background  
 
Climate change is one of the most severe threats facing our planet. Global mean surface 
temperature has increased by 1.2 oC since 1880 (NASA/GISS, 2020; Lenssen et al., 2019), 
Arctic ice has shrunk by 40 % since 1979 (Windnagel et al., 2017) and global sea level has 
risen by 24 cm since 1980 (Cassotta et al., 2019). Climate has always changed by natural 
perturbations such as changes in the Earth’s orbit and rotation, changes in solar radiation or 
volcanic eruptions. Over the past 800,000 years, the period where measurements of CO2 
concentrations are available from air trapped in polar ice cores, scientists have demonstrated a 
tight connection between temperature and the mole fraction of CO2 (Augustin et al., 2004) 
(Figure 1.1). During this period, temperature changes caused by natural climate perturbations 
were amplified by CO2 changes. For example, as the planet cools more CO2 dissolves in the 
ocean that leads to further cooling and vice versa.  
 
It is well established by now that over the industrial period the emission of greenhouse gases 
from anthropogenic activity has become the main driver for climate change (Stocker et al., 
2013; Cook et al., 2013). Greenhouse gases absorb radiative energy (heat) emitted by the earth 
which warms our atmosphere like a greenhouse. This results in a disequilibrium between the 
energy absorbed by the earth and the energy released back to space, called radiative forcing. 
Carbon dioxide (CO2) is the main greenhouse gas, contributing the largest proportion of the 
total radiative forcing, 2.044 Wm-2 out of a total of 3.101 Wm-2 for 2018 relative to 1970 (James 
and Stephen, 2019). The global average mole fraction of atmospheric CO2 has increased by 
more than 130 mol mol-1 (parts per million (ppm)) from approximately 277 ppm in 1750 (Joos 
and Spahni, 2008), to about 410 ppm today (Figure 1.1; (Keeling et al., 2005; Dlugokencky 
and Tans, 2020; Stocker et al., 2013)). The CO2 mole fraction in the northern hemisphere is 
slightly higher than in the southern hemisphere due to higher anthropogenic emissions in the 
northern hemisphere. Direct measurements of the atmospheric carbon dioxide mole fraction 
began in 1958 by Charles Keeling (Keeling, 1958). The mole fractions of atmospheric CO2 
before 1959 are retrieved from ice core records (Lüthi et al., 2008; Meure et al., 2006). Direct 
temperature measurements are available from 1880 on, and the temperature records before 
1880 are retrieved from ice cores (Jouzel et al., 2007; Frank et al., 2010). The clear seasonal 
cycle of CO2 observed in the Northern Hemisphere, for example at the monitoring station 
Mauna Lao in Hawaii (MLO), is due to the annual cycle of photosynthesis and respiration 
(Ciais et al., 1995; Cuntz et al., 2003a; Graven et al., 2013; Forkel et al., 2016).  
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Figure 1.1 Evolution of the atmospheric mole fraction of CO2 (blue and black lines) and temperature (red lines) 
over the past 850,000 years. Global mean temperature anomalies from in situ measurements since 1880 are relative 
to 1951-1980 average temperature (NASA/GISS, 2020; Lenssen et al., 2019) (small bottom right panel). Older 
average global temperature anomalies are retrieved from ice cores as presented in (Jouzel et al., 2007) and (Frank 
et al., 2010). Carbon dioxide mole fractions before 1959 are retrieved from ice core records as presented in (Lüthi 
et al., 2008) for the last 800,000 years, and in (Meure et al., 2006) for the last 1000 years. CO2 mole fractions 
since 1959 are from in situ measurements carried out by the Scripps research institute and later by NOAA/ESRL 
at Mauna Loa (MLO) in the Northern Hemisphere (black) (Dlugokencky and Tans, 2020) and Cape Grim (CGO) 
station in the Southern Hemisphere (blue) (Steele et al., 2020). 

 
The main cause of the ongoing increase in the mole fraction of atmospheric CO2 is 
anthropogenic emissions, mainly from fossil fuel burning (Francey et al., 1999; Kirschbaum et 
al., 2019; Le Quéré et al., 2018; Stocker et al., 2013), with smaller contributions from cement 
production and land-use change (Le Quéré et al., 2018; Kirschbaum et al., 2019; Stocker et al., 
2013). About 23 % of the CO2 emitted from anthropogenic sources is sequestered by the 
terrestrial ecosystems and 23 % is taken up by the ocean; the remaining 54 % stay in the 
atmosphere, called the airborne fraction (Ballantyne et al., 2012; Canadell et al., 2007; Knorr, 
2009; Stocker et al., 2013). The net mass fluxes (in GtC/yr) of CO2 between the atmosphere 
and the ocean and the land biosphere, and emissions from the burning of fossil fuels and cement 
production (Le Quéré et al., 2018; Le Quéré et al., 2015) are shown in Figure 1.2. The 
interaction of the atmosphere with the lithosphere affects atmospheric CO2 only on the 
geological time scale which controls the background level of atmospheric CO2 through uptake 
by weathering and carbon burial and release through volcanic degassing and tectonic processes 
(Berner, 2004). The interaction between the biosphere, ocean and atmosphere can change over 
short time scales (Archer et al., 2009). As a result, any perturbation in the functioning of oceans 
and the terrestrial biosphere can affect the airborne fraction of CO2 within years to decades 
(Stocker et al., 2013; Cox et al., 2000).  
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Figure 1.2 Overview of the net mass fluxes (in GtC/yr) of the global carbon cycle controlling the mole fraction of 
CO2 in the atmosphere for the decade 2007 to 2016, modified from (Le Quéré et al., 2018). The red arrows show 
fluxes that increase the mole fraction of atmospheric CO2 whereas fluxes that decrease the mole fraction of 
atmospheric CO2 are shown with black arrows.  
 
Carbon dioxide exchange between the ocean and atmosphere depends on ocean carbonate 
chemistry (regulated by temperature and pH value) and circulation (Prentice et al., 2007; Zeebe 
and Wolf-Gladrow, 2001). An increase in the mole fraction of atmospheric CO2 and 
temperature might reduce the relative uptake of anthropogenic carbon dioxide by the oceans, 
as a greater concentration of CO2 in the atmosphere results in the oceans becoming more acidic 
(lower pH), thereby reducing the uptake capacity of CO2 in the ocean (Prentice et al., 2007). 
Since solubility of CO2 is higher in cold water compared to warm water, and ice melt will 
increase the surface area that’s exposed to the air, it was believed that the Arctic ocean would 
be an important sink for CO2. But data from three research cruises (1994, 2005, and 2015) 
recently revealed that the amount of dissolved inorganic carbon is decreased due to a decrease 
in the CO2 uptake (Woosley and Millero, 2020). The main reason for the decreasing uptake of 
CO2 in the Arctic is due to the lower alkalinity/buffering capacity of fresh water and the rapid 
temperature increase in the Arctic ocean relative to other oceans (Woosley and Millero, 2020; 
Thomasy, 2020).    
 

1.2. Interaction of the atmosphere with terrestrial vegetation  
 
Plants exchange air with the atmosphere via small pores on the surface of leaves called stomata. 
During photosynthesis (in the presence of light), plants use light energy to convert CO2 and 
H2O to sugars (glucose) and as a byproduct oxygen (O2) is produced.  
 

 (1.1) 

 

Ocean sink

2.4±0.5

Fossil fuel

& industry

9.4±0.5

Land sink

3.6±0.8 Land use change

& deforestation

1.3±0.7

Atmospheric growth

4.7±0.1
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Generally, plants are classified into three classes, C3, C4 and crassulacean acid metabolism 
(CAM) plants, based on their metabolism. C3 plants convert the CO2 entering the leaf to a 
three-carbon acid called 3-phosphoglyceric acid, while C4 plants convert the CO2 to a four-
carbon acid called oxaloacetate. CAM plants are intermediate between C3 and C4 plants. In the 
dark, they follow a similar metabolism as C4 plants while during early and late light they follow 
a combination of the C3 and C4 metabolisms (Ting, 1985). During the day the stomata of CAM 
plants are closed and there is no net exchange of CO2 from the leaf (Lee, 2010). For a detailed 
explanation of the different plant types, the reader is referred to (Cousins et al., 2020; Ubierna 
et al., 2019; Ubierna et al., 2018b; Ehleringer and Cerling, 2002; Ehleringer and Monson, 1993; 
Orsenigo et al., 1997; Tipple and Pagani, 2007; Ehleringer, 2005) and references therein. C3 
and C4 plants not only vary in the type of organic acid they form during assimilation but also 
in the enzyme involved in the first conversion of CO2 and where the assimilation takes place 
(Figure 1.3). In the C3 metabolism, the first conversion of CO2 occurs in the chloroplast with 
the enzyme Ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO). In C4 
photosynthesis the conversion of CO2 to a C4 carbonic acid occurs in the cytoplasm with the 
enzyme Phosphoenolpyruvate carboxylase (PEP carboxylase or PEPC).  
 
The net assimilation rate of plants does not only depend on the activity of the enzyme and 
radiation but it is also strongly limited by the conductance (reciprocal of resistance) of CO2 as 
it diffuses from the air surrounding the leaf through the boundary layer (gb), stomata (gs) to the 
intercellular airspace and from the intercellular airspace to the initial sites of CO2 fixation (gm). 
From Fick's first law of diffusion, the net photosynthetic flux at steady state (assimilation rate 
An, in μmol m-2s-1) can be expressed as: 
 

 (1.2) 

where ca, cs, ci and cc are the CO2 concentration in the atmosphere, at the leaf surface, in the 
intercellular air space and in the chloroplast stroma, respectively (Long and Bernacchi, 2003). 
In gas exchange experiments, the boundary layer conductance is very high and the stomatal 
conductance can be calculated from leaf transpiration (von Caemmerer and Farquhar, 1981).  
 
As shown in Figure 1.3 (for C3 plants), the diffusion of CO2 from the intercellular air space to 
the carboxylation site is complex and involves various phases, the gas phase (intercellular air 
space), the liquid phase (cell wall, cytosol and stroma) and lipid protein (plasmalemma and 
chloroplast envelope). In gas-exchange studies the mesophyll conductance was assumed to be 
very large (i.e. no concentration gradient between ci and cm) (Farquhar et al., 1980). However, 
advancements in measurement techniques reveal mesophyll conductance is small and limits 
photosynthesis (Warren, 2006; Evans et al., 1986; Loreto et al., 1992; Harley et al., 1992; 
Marco et al., 1990). Mesophyll conductance (gm) is an important parameter that limits 
photosynthesis, but it is impossible to measure gm directly (Pons et al., 2009; Cousins et al., 
2020). A review of numerous measurement techniques is provided in (Cousins et al., 2020). 
One of the techniques used to estimate gm is measuring the carbon (Evans et.al., 1986) and 
oxygen (Osborn et al., 2017; Barbour et al., 2016; Gillon and Yakir, 2000b, a) isotopic 
composition of CO2. Carbon isotope discrimination is used to determine the conductance in C3 
plants only, from the intercellular airspace to the site of carboxylation. The conductance of CO2 
from the intercellular airspace to the CO2-H2O exchange site is determined using 17O, 18O 
and 17O, for both C3 and C4 plants.   
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Figure 1.3 Scheme of CO2 fluxes in a C3, C4 and CAM leaf, modified from (Cousins et al., 2020). During 
photosynthesis, ambient CO2 (mole fraction ca) diffuses into the leaf intercellular spaces (ci) through the boundary 
layer (rb) and stomata (rs). cs is the mole fraction of CO2 in the air surrounding the leaf. In a C3 leaf (1) the 
resistances for CO2 diffusion from the intercellular air space to RuBisCO in the chloroplast (cc) includes the cell 
wall (rw), the plasmalemma (rpl), the chloroplast envelope (rce) and the stroma (rst) resistance. In a C4 leaf (2) the 
resistances for CO2 diffusion to PEPC in the cytosol (cm) includes the wall (rw) and the plasmalemma (rpl) 
resistances. In a CAM leaf (3 and 4) the primary resistances for CO2 diffusion to the initial site of carboxylation 
will vary depending on the phase. In the dark (3), PEPC is the primary carboxylase and gm will be influenced by 
resistances similar to what occurs during C4 photosynthesis (2). During early and late light (4), gm will represent 
a combination of resistances that will reflect the relative contribution of flux going towards PEPC and RuBisCO. 
During the day the stomata are closed and there is no CO2 exchange. 
 
Besides taking in CO2 during the day in the presence of light, plants also respire CO2. 
Respiration does not require light and it occurs both during the day and in the night. During 
respiration, plants use glucose (sugar) to produce energy and a byproduct CO2 that is released 
to the atmosphere.  
 

 (1.3) 
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Respiration by plants is called autotrophic respiration to distinguish it from heterotrophic 
respiration (microbes and macrofaunal). The overall respiration (both autotrophic and 
heterotrophic) is called terrestrial ecosystem respiration (TER).  
 
Gross primary production (GPP), the total amount of CO2 assimilated by land vegetation, and 
terrestrial ecosystem respiration (TER) are the largest fluxes in the carbon cycle controlling 
land-atmosphere exchange (Beer et al., 2010). Small changes in GPP and TER can have a large 
impact on the net uptake of CO2 by the terrestrial biosphere and to estimate the net effect 
requires understanding the interaction between GPP and TER (Cuntz, 2011; Raupach, 2011). 
The precise response of terrestrial CO2 sources and sinks to changes in climate remains 
uncertain (Friedlingstein et al., 2006; Friedlingstein et al., 2014), but it can encompass a 
number of important feedbacks. Due to warming and an increase in the mole fraction of 
atmospheric CO2, net carbon exchange of the terrestrial ecosystem is changing (Baldocchi et 
al., 2016). Changes in the environmental conditions and ecological factors can thus change the 
turnover time, the size of different reservoirs and the responses of the carbon pools (Bloom et 
al., 2016; Baldocchi et al., 2016).  
 
It is believed that an increase in the mole fraction of atmospheric CO2 increases photosynthesis, 
especially for plants with C3 metabolism, a phenomenon called CO2 fertilization. Unlike C3 
plants, C4 plants have a CO2-concentrating mechanism (Chollet and Ogren, 1975; Sage, 2004; 
Sage and Monson, 1998), consequently C4 plants respond less to an increase in the mole 
fraction of atmospheric CO2 than C3 plants (Leakey, 2009; Wand et al., 1999; Ainsworth and 
Long, 2005). An increase in the mole fraction of CO2 in the air surrounding the leaf decreases 
the stomatal conductance which results in an increase in water use efficiency (water loss due 
to the transpiration to the carbon gain) (Körner, 2000; Farquhar, 1997; Wong et al., 1979; Drake 
et al., 1997; Degener, 2015). Long-term monitoring studies at ecosystem level give a 
contradicting results about CO2 fertilization (Sleen et al., 2015; Lewis et al., 2009). Recent 
studies predict an increase in the growth rate of vegetation due to an increase in the mole 
fraction of atmospheric CO2 (Haverd et al., 2020; Zhu et al., 2016; Campbell et al., 2017). Most 
of the global carbon models used the biochemical model of Farquhar, von Caemmerer, and 
Berry for modeling photosynthesis (Farquhar et al., 1980). This model excludes mesophyll 
conductance, thus assumes that the mole fraction of CO2 in the intercellular air space is the 
same as in the chloroplast available for the RuBisCO (Sun et al., 2014). This results in an 
underestimation of CO2 fertilization since mesophyll conductance is one of the important 
mechanisms controlling photosynthesis (Knauer et al., 2019a; 2019b; Sun et al., 2014). The 
increase in photosynthesis with the mole fraction of atmospheric CO2 is non-linear, decreasing 
towards higher mole fractions, and there is an upper limit above which it is expected not to 
increase further. For C3 plants the upper limit is estimated to be 1000 ppm (Prentice et al., 
2007; Degener, 2015), but other studies have shown lower limits for a decline in CO2 
fertilization below 1000 ppm (Körner, 2000; Ainsworth and Rogers, 2007). The concept of 
CO2-fertilization is controversial at extreme climate conditions that perturb the fluxes of carbon 
dioxide to and from plants (Reichstein et al., 2013; Frank et al., 2015; Obermeier et al., 2017). 
The carbon dioxide uptake of plants is variable depending on temperature variations, 
precipitation anomalies and land use change (Baldocchi et al., 2016; Zhu et al., 2016; Still, 
2018; Peters et al., 2018).   
 
There is no single direct sensor or method to measure GPP perfectly, as a result GPP can only 
be determined indirectly and remains poorly constrained (Canadell et al., 2000; Cuntz, 2011; 
Bloom et al., 2016; Ma et al., 2015), ranging from 100 to 175 PgCyr-1 (Wang et al., 2012). 
Currently, we have more than a 60-year record for the direct measurement of the mole fraction 
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of atmospheric CO2 (Le Quéré et al., 2015; Keeling, 1958) contributing to our understanding 
of terrestrial carbon cycle variability. In addition to the ground-based measurement of the mole 
fraction of atmospheric CO2, there is a multi-year record of satellite data including spatial and 
temporal variability of leaf area index as a tracer for greening of the terrestrial biosphere (Zhu 
et al., 2016). Even though we have such a long record of the mole fraction of atmospheric CO2 
and leaf area index, the terrestrial carbon cycle remains the least constrained component of the 
global carbon budget (Le Quéré et al., 2013; Anav et al., 2015). This is because of the complex 
response of terrestrial ecosystem CO2 exchange to short- and long-term changes in 
temperature, water availability, nutrient availability, and rising atmospheric CO2 mole fraction 
(Schimel et al., 2015; Gatti et al., 2014; Dieleman et al., 2012). For example, an increase in 
temperature enhances the microbial activity and kinetics of mitochondrial enzyme activity 
resulting in an increased respiration flux (Baldocchi et al., 2016).  
 
It is critical that we understand how large-scale, climate-driven changes will affect the carbon 
sequestration of the terrestrial biosphere for predicting future climate changes and atmospheric 
CO2 mole fraction. This requires untangling the biosphere uptake flux and respiration flux, 
thus, GPP and TER from net ecosystem exchange (NEE). One way to estimate GPP indirectly 
on the ecosystem scale is from a combined measurement of the net ecosystem-atmosphere CO2 
exchange (NEE) and terrestrial ecosystem respiration (TER, heterotrophic and autotrophic 
respiration) (Zscheischler et al., 2017; Kirschbaum et al., 2019; Reichstein et al., 2012; Jung et 
al., 2011; Beer et al., 2010) as: 
 

 (1.4) 

 

NEE can be determined with the eddy covariance (EC) method where trace gas fluxes are 
determined from fast fluctuations of vertical wind speed and gas mole fractions above an 
ecosystem (Reichstein et al., 2012). There is no direct method to partition NEE into GPP and 
TER, flux partitioning algorithms are developed with their limitations (Reichstein et al., 2012; 
Baldocchi, 2003; Wehr et al., 2016). Flux partitioning methods use either only night-time NEE 
data or both daytime and night-time data (Raj et al., 2016). One of the limitations is that 
nighttime TER measurements are prone to methodological error, as turbulence dies down and 
eddies become too small to properly apply the EC-theories. Further uncertainties arise from 
extrapolating nighttime temperature-TER relationships to daytime, assuming a similar TER 
response to temperature both during day and night (Reichstein et al., 2005; Papale et al., 2006; 
Aubinet et al., 2012). GPP estimates at the ecosystem scale using networks of carbon flux 
measurements and meteorological stations are extended to the global scale to produce spatially 
resolved flux maps of CO2 with a monthly time resolution (Beer et al., 2010; Jung et al., 2011; 
Jung et al., 2019; Jung et al., 2009). Such studies estimated GPP ranging from 113 to 125 
PgCyr-1 (Beer et al., 2010; Jung et al., 2011; Jung et al., 2019; Jung et al., 2009). A different 
approach of estimating GPP uses remote sensing proxies such as photosynthetically active 
radiation (PAR) or sun-induced fluorescence (SIF) in combination with networks of carbon 
flux measurements, yielding GPP estimates from 91 to 169 PgCyr-1 (Zhao et al., 2005; Yu et 
al., 2018; Joiner et al., 2018; Anav et al., 2015; Piao et al., 2013; Bloom et al., 2016; Badgley 
et al., 2019). 

In addition to the mole fraction of atmospheric CO2, scientists use measurements of carbonyl 
sulfide (OCS) to quantify GPP. OCS is the most abundant and longest-lived sulfur-containing 
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gas in the atmosphere with a half-life of two to four years, and uptake by plants is the dominant 
OCS sink (Campbell et al., 2008; Asaf et al., 2013; Stimler et al., 2010). Using the relationship 
of the OCS and CO2 uptake mechanism by plants during photosynthesis, measurements of OCS 
can be used as a tracer to estimate GPP (Campbell et al., 2008; Asaf et al., 2013). This is 
because it follows a similar diffusion pathway through the stomata that involves a similar 
hydration mechanism catalyzed by CA, where OCS is hydrolyzed to H2S and CO2 (Seibt et al., 
2010; Stimler et al., 2010). Unlike CO2, the OCS taken up by plants is not re-emitted back to 
the atmosphere (Stimler et al., 2010). The use of OCS as a tracer for GPP is based on the 
assumption that there is no interaction between CO2 and OCS, there is only a one way OCS 
flux, fluxes to/from the soil are negligible and the mesophyll conductance is similar for OCS 
and CO2 (Asaf et al., 2013; Blonquist et al., 2011). The limitation of using OCS as a tracer for 
GPP are: 1) the assumption of a similar mesophyll conductance between OCS and CO2 (Asaf 
et al., 2013); 2) similar ratio of mole fraction of CO2 in the intercellular airspace to the mole 
fraction of the CO2 in the leaf surrounding (ci/ca) for both C3 and C4 plants (Asaf et al., 2013); 
3) assuming a constant OCS/CO2 uptake and the limited amount of COS data due to more 
challenging measurements and the presence of other sources and sinks for OCS besides uptake 
by plants (Whelan et al., 2018; Seibt et al., 2010; Stimler et al., 2010; Kooijmans et al., 2019). 
OCS as a tracer for GPP remains a hot topic of research due to recent advancements in 
measurement techniques allowing online measurement of OCS, CO2 and other trace gases 
simultaneously that can be deployed in the field (Berkelhammer et al., 2014; McManus et al., 
2010; Kooijmans et al., 2016).  

In the next section we will discuss the ongoing effort to determine fluxes in the terrestrial 
carbon cycle using measurements of the isotopic composition of CO2.  
 

1.3. Isotope measurements of CO2 as a tracer for terrestrial 
carbon cycle  

 
When CO2 diffuses to the site of carboxylation, it passes through different compartments as 
shown in Figure 1.3. The heavier isotopologues (e.g. 13C16O16O, 12C18O16O) have lower 
diffusivity, as a consequence a larger proportion of the light isotopologue (12C16O16O) enters 
the leaf via the stomata. During fixation, the enzyme RuBisCO preferentially binds to the light 
isotopologue 12C16O16O relative to 13C16O16O. RuBisCO has only a minor or no effect on the 
12C18O16O (Gillon and Yakir, 2000a; Cernusak et al., 2004). The oxygen isotope composition 
of CO2 will be modified during the exchange of isotopes between CO2 and leaf water, and as a 
result the CO2 after exchange with leaf water will retain the isotopic composition of leaf water 
with a temperature dependent fractionation (Brenninkmeijer et al., 1983; Barkan and Luz, 
2012). In C3 plants, approximately 1/3 of the CO2 entering the stomata is assimilated, the 
remaining 2/3 undergo isotope exchange with leaf water and diffuses back to the atmosphere, 
which modifies the isotopic composition of atmospheric CO2 (Cuntz et al., 2003b; Affek and 
Yakir, 2014). Combining measurements of the mole fraction and isotopic composition of 
carbon dioxide is an additional method to identify different gross fluxes of CO2 since isotope 
effects associated with different physical and chemical processes result in characteristic isotope 
signatures for CO2 produced or removed by different processes. Most of these processes in 
nature depend on the mass of the molecules, leading to a so-called mass dependent 
fractionation signatures (Hulston and Thode, 1965), i.e. for oxygen, the isotope effect (or 
fractionation) is about two time larger when 16O in a molecule is substituted by 18O compared 
to 17O (Craig, 1957; Dauphas and Schauble, 2016; Hulston and Thode, 1965). Fractionation 
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processes can be expressed quantitatively in terms of a fractionation factor  or the related 
quantity fractionation . The fractionation factor is the ratio of a heavy to light isotope R (e.g. 
18R = 18O/16O in two compounds, or two reservoirs or phases of the same compound).  
 

 (1.5) 

 
The fractionation factor  is related to the fractionation ( ) as: 
 

 (1.6) 

In the plant sciences community, the fractionation factor is generally calculated as the isotope 
ratio in the reactant relative to the one in the product, i.e., the isotope ratio of air entering the 
leaf relative to the isotope ratio of the assimilated CO2 (Farquhar et al., 1989a; Farquhar and 
Lloyd, 1993; Farquhar and Richards, 1984), and the associated fractionation is called 
discrimination. Both fractionation and discrimination are independent of the reference material 
used. 
  
The isotopic composition of a certain compound is expressed in  notation (McKinney et al., 
1950) and since the signal is very small, it is expressed in per mill (‰).  
 

 
(1.7) 

 
The fractionation factor can be expressed in  notation as:  
 

 
(1.8) 

 
Fractionation processes are generally classified as either kinetic or equilibrium 
(thermodynamic) fractionation (Dauphas and Schauble, 2016; Cao and Liu, 2011; Young et 
al., 2002; Matsuhisa et al., 1978) and the characteristics of these two processes are described 
in the following section.  
 

1.3.1.  Kinetic isotope fractionation 

 
Assuming that there is no interaction between the gas molecules apart from collision (i.e. ideal 
gases), their kinetic energy will be the same at the same temperature. In this case, the kinetic 
mass-dependent fractionation can be calculated from the mass of the isotopologues (Dauphas 
and Schauble, 2016; Cao and Liu, 2011; Young et al., 2002; Matsuhisa et al., 1978; Craig, 
1957). For instance, for oxygen with three stable isotopes, the kinetic fractionation factors can 
be calculated as: 
 

 
(1.9) 
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(1.10) 

 

where m stands for the mass of the isotopologue and the subscripts 16, 17, 18 designate 16O, 
17O and 18O, respectively. The triple isotope relationship ( ) between two compounds a and b 
during kinetic fractionation can be calculated as:  

 

 
(1.11) 

The logarithms can be ignored in many cases and for small enrichments because lnX X-1 for 
X close to 1, i.e (R/Rref-1) =ln(R/Rref) (Dauphas and Schauble, 2016). However, for very precise 
determinations this approximation does results in significant errors. The symbol  describes 
the triple oxygen isotope relationship between two compounds in a specific process whereas  
(see below) represents a slope of the ln( 17O+1) vs ln( 18O+1) for a sample which depends on 
the cumulative effect of different fractionation process (Cao and Liu, 2011; Miller et al., 2020).  

An example of a kinetic fractionation process that strongly depends on the mass of the molecule 
is diffusional fractionations. The diffusion constant of a gas (D) is proportional to the inverse 
square root of the mass. Under the assumption that all the molecules are at equal temperature 
(similar kinetic energy), the diffusional fractionation will be solely dependent on the mass of 
the molecule. If the diffusion process of interest involves the movement of gas A through gas 
B, the relevant mass is the reduced mass of the two molecules ( ).  
 

 and  (1.12) 

 
For a three-isotope system like oxygen, the fractionation factor during the diffusion of the gas 
A through gas B is calculated as: 
 

 
(1.13) 

 

 
(1.14) 

 
where the indices 16,17 and 18 represent the isotopologues with 16O, 17O and 18O, respectively. 
For example, water vapor will be depleted by 16.4 ‰ and 31.3 ‰ in 17O and 18O, respectively 
as it diffuses through air compared to the reservoir. Similarly, CO2 in air will be depleted by 
4.4 ‰, 4.4 ‰, 8.7 ‰ in 13C16O16O, 12C17O16O and 12C18O16O, respectively as it diffuses 
through air relative to the reservoir. The triple isotope relationship ( ) associated with diffusion 
of molecule A through B can be calculated as: 
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(1.15) 

 

1.3.2. Equilibrium isotope fractionation 

 
For equilibrium (thermodynamic) fractionation, the fractionation depends on the partition 
function of the oxygen bearing isotopologues (Urey, 1947; Bigeleisen and Mayer, 1947). The 

partition function describes the translational, rotational and vibrational energy of a molecule 
assuming all molecular vibrations are harmonic, quanta of molecular rotations are closely 
spaced relative to thermal kinetic energy, and isotopic substitution does not affect the electronic 
energy levels (Dauphas and Schauble, 2016; Urey, 1947; Bigeleisen and Mayer, 1947).  for 
equilibrium fractionation at high temperature (temperature exceeding 500 oC) can be calculated 
from the mass of the isotopologues of the molecules (Young et al., 2002; Matsuhisa et al., 
1978;Weston, 1999; Dauphas and Schauble, 2016; Cao and Liu, 2011) as: 
 

 
(1.16) 

 
Equation 1.16 holds true also at low- temperatures for atoms in a molecule with light bonding 
partners such as hydrogen (Dauphas and Schauble, 2016). For example, for oxygen isotope 
fractionation,  will be 0.5305 for both low and high temperature extremes when the bonding 
partner is a light atom such as hydrogen (Young et al., 2002; Weston, 1999; Dauphas and 
Schauble, 2016; Matsuhisa et al., 1978). When the bonding partner is heavier than the isotopic 
masses, at low temperature,  can be calculated as:  
 

 
(1.17) 

 
For instance, for oxygen with a heavier bonding partner  is approx. 0.5232 (Dauphas and 
Schauble, 2016). Sharp et al. (2016) determined the  value for SiO2-H2O equilibrium 
fractionation at low temperature (0 to 50 oC) to be approx. 0.523 to 0.524.  
 

1.3.3. Triple oxygen isotope composition of CO2  

 
For purely mass dependent fractionation processes, the triple oxygen isotope fractionation is 
calculated as (Young et al., 2002; Miller, 2002; Dauphas and Schauble, 2016; Cao and Liu, 
2011). 
 

 (1.18) 
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where  is the three-isotope exponent pertaining to the process in question. It ranges from 0.5 
to 0.5305 for equilibrium and kinetic processes (Young et al., 2002; Cao and Liu, 2011; 
Matsuhisa et al., 1978; Thiemens, 1999). Equation 1.18 can be rewritten using the  notation 
as: 
 

 (1.19) 

or 
 

 (1.20) 

 
Deviations from equation 1.20 are called mass independent fractionation and the 17O-excess 
relative to mass dependent fractionation is quantified as:  
 

 (1.21) 

 
The choice of  in equation 1.21 is arbitrary. For scientific studies that investigate individual 
reactions, the exponent pertaining to the respective reaction is often used. In these cases, the 
symbol  is often used. However, when several processes overlap it is difficult to decide on a 
suitable exponent.  
 
Triple oxygen isotope measurement of terrestrial rocks and minerals when plotted in a three-
isotope diagram (ln( 18O+1) vs ln( 17O+1)), they fall on a line with a single slope of 0.52, 
which is commonly called the terrestrial fractionation line (TFL) (Matsuhisa et al., 1978; 
Rumble et al., 2007; Clayton et al., 1973). The first deviation of the 17O abundance from 
terrestrial fractionation line (TFL) was discovered in 1973 in meteorites and ascribed to 
nucleosynthesis (Clayton et al., 1973; Clayton et al., 1976). The discovery of mass-independent 
fractionation in ozone formation (Thiemens, 1983; Heidenreich and Thiemens, 1983, 1986) 
suggested that mass independent fractionation can occur in chemical reactions, which is in 
contrast to the classical isotope theory. The 17O-excess of ozone can be transferred to other 
oxygen bearing molecules via direct chemical reaction with ozone or via O(1D). As a result, 
most of oxygen bearing molecules in the atmosphere possess anomalous oxygen isotope 
composition (Thiemens and Shaheen, 2014; Thiemens, 2006; Brenninkmeijer, 2009). For 
instance, the 17O-excess of ozone is transferred to CO2 via O(1D) as shown in equations 1.22 
and 23 (Thiemens et al., 1995; Thiemens et al., 1991; Yung et al., 1997; Lyons, 2001; Yung et 
al., 1991). 17O-excess of ozone can also be transferred to other molecules, for example NO2 
(Röckmann et al., 2001), SO42- (Savarino et al., 2000), H2O2 (Lyons, 2001) and  NO3 (Savarino 
et al., 2008; Berhanu et al., 2012) via direct reaction of O3 with NO, SO2, via reaction of O3 
and OH, and NO2, respectively. The isotopic composition for different oxygen bearing 
compounds in the atmosphere is shown in Figure 1.4. In the stratosphere, the  17O of CO2 is 
1.7 to 2.2 times 18O of CO2 (Wiegel et al., 2013). The only sink for the anomalous 
stratospheric CO2 is when it re-enters into the troposphere and undergoes isotope exchange 
with water bodies such as leaf water, soil water and ocean water. The isotope exchange in the 
atmosphere is negligible due to lower liquid water content, lower residence time and the 
absence of hydration catalyst enzyme called carbonic anhydrase (Mills and Urey, 1940; 
Johnson, 1982; Miller et al., 1971; Silverman, 1982). 17O has become a useful tracer for 
chemical reaction systems (Thiemens et al., 2001; Thiemens and Shaheen, 2014; Thiemens, 
1999).  
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 (1.22) 

 
 (1.23) 

 

 

Figure 1.4 The triple oxygen isotope composition of atmospheric species relative to the terrestrial fractionation 
line (TFL), adopted from (Thiemens, 2006). It shows that the isotopic composition of most oxygen bearing 
molecules in the atmosphere does not fall on the TFL. Ozone has a very high 17O-excess both in the troposphere 
and stratosphere. However, the 17O anomaly is much smaller in tropospheric CO2 compared to stratospheric CO2 
due to isotope exchange with water at the Earth’s surface. 

 

Combining the mixing ratio and isotopic composition of CO2 is useful to study the interaction 
between biosphere-atmosphere and ocean-atmosphere (Yakir and Sternberg, 2000). Charles 
Keeling was the first to use 13C measurements combined with mole fractions of CO2 to describe 
seasonal variations in the CO2 mole fraction and 13C to seasonal variations in plant activity 
(Keeling, 1958, 1960, 1961). Ciais et al. (1995) used 13C measurements to partition the global 
net CO2 uptake between the terrestrial biosphere and the ocean. As discussed above, the 
underlying principle of using 13C to separate the uptake of CO2 between ocean and terrestrial 
biosphere is that plants take up preferentially 12CO2 over 13CO2 resulting in 13C-enriched CO2 
in the atmosphere whereas exchange with the ocean has a negligible effect on the 13C of 
atmospheric CO2 (O’Leary, 1984). 13C and mole fraction measurements of CO2 alone do not 
allow to quantitatively separate gross fluxes between the atmospheric and the terrestrial 
biosphere on the one hand and the ocean on the other hand (Keeling et al., 2005, 2001).  

Measurements of 18O isotope composition of CO2 have been used to separate gross fluxes 
between the terrestrial biosphere and soil respiration that provide the opportunity to estimate 
GPP (Ciais et al., 1997a; Ciais et al., 1997b; Cuntz et al., 2003b; Cuntz et al., 2003a; Peylin et 
al., 1999; Francey and Tans, 1987; Farquhar et al., 1993). The concept behind using 18O as a 
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tracer to separate fluxes from the terrestrial biosphere from soil respiration is that CO2 entering 
the leaf exchanges oxygen isotopes with leaf and soil water (Yakir, 2002). The exchange 
between CO2 and water in the leaf and soil is fast due to the presence of the enzyme carbonic 
anhydrase (CA). Carbonic anhydrases are a group of metalloenzymes that catalyze the 
conversion of CO2 and H2O to HCO3- and vice versa rapidly (Gillon and Yakir, 2001; Friedli 
et al., 1987; Francey and Tans, 1987; Badger and Price, 1994; Mills and Urey, 1940; Yakir, 
2002). Some of the isotopically exchanged CO2 is assimilated via photosynthesis and the 
remainder diffuses back to the atmosphere.  
 

 (1.24) 

where l, g and aqu represents liquid, gas and aqueous solution.  

 

 (1.25) 

 
Leaf and soil water pools have different oxygen isotope composition due to the differences in 
pool size and evaporation rate. The H216O isotopologue has higher vapor pressure relative to 
H218O, thus during evapotranspiration H216O evaporates preferentially and leaf water becomes 
enriched in the H218O relative to soil water due to its small pool size (Dongmann et al., 1974; 
Prentice et al., 2007; Cernusak et al., 2016; Farquhar et al., 2007). As a result, the CO2 which 
entered the leaf, exchanged isotopes with leaf water and diffused back to the atmosphere is 
enriched in 18O relative to the CO2 which undergoes an exchange with soil water. These 
differences in the 18O isotopic signature of CO2 interacting with leaves and soil can be used to 
distinguish the contributions of photosynthesis and soil respiration (Yakir and Wang, 1996; 
Ogée et al., 2004). Recently, Welp et al. (2011) estimated global GPP to be 150-175 PgCyr-1 
using variations in 18O of atmospheric CO2 after El Nino events. The limitation of using 18O 
of atmospheric CO2 as a tracer is its dependency on the 18O value of different water reservoirs 
and fractionation processes in the hydrological cycle which are difficult to ascertain (Hoag et 
al., 2005). It has been suggested that the 17O of CO2 could be an additional independent tracer 
for global GPP (Hoag et al., 2005; Koren et al., 2019; Hofmann et al., 2017) since it is less 
affected by isotope effects associated with the hydrological cycle such diffusion, condensation 
and evaporation (Hoag et al., 2005).  
 
Recently, Liang et al. (2017b) estimated a global GPP value of 120 ± 30 PgCyr-1, from 
measurements of 17O. Figure 1.5 shows the assumed 17O signatures of the different CO2 
fluxes to and from the atmosphere. The stratospheric 17O signal is well defined (Hofmann et 
al., 2017; Koren et al., 2019; Hoag et al., 2005), 17O of fossil fuel combusted CO2 will retain 
the triple oxygen isotope signal of atmospheric O2 (Affek and Yakir, 2014; Laskar et al., 2016; 
Horváth et al., 2012; Liang et al., 2017b) unless the CO2 undergoes exchange with water after 
combustion and the 17O of CO2 in exchanged with the ocean is assumed to be relatively 
constant since the 17O value of ocean is constant (Affek and Yakir, 2014; Luz and Barkan, 
2010; Koren et al., 2019). The contribution of photochemical oxidation of CO to CO2 has a 
minor effect on the 17O of the atmospheric CO2 since the CO pool is much smaller (Koren et 
al., 2019). The 17O value of CO2 entering the leaf during photosynthesis and back-diffusion 
to the atmosphere is affected by the diffusional fractionation, exchange with water and in 
particular on the fraction of CO2 that diffuses back to the atmosphere after isotope exchange 
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with leaf water. Similarly, the 17O signature of the soil invasion flux is very uncertain 
(Wingate et al., 2009) and its contribution to 17O of atmospheric CO2 is unknown, because it 
depends on the extent which CO2 has undergone isotope exchange with soil water. Also, the 
contribution of terrestrial respiration (autotrophic and heterotrophic respiration) to the 17O of 
atmospheric CO2 is unknown. Interpretation of 17O measurements of atmospheric CO2 
depends on the ability to understand and untangle the effect of different process on 17O of 
atmospheric CO2, especially respiration (autotrophic and heterotrophic), soil invasion and 
photosynthesis since these are the largest components of the global carbon cycle and affect 

17O. 
 

 
 
Figure 1.5 Sketch showing the fluxes of the terrestrial carbon cycle that modify the triple oxygen isotope 
composition of atmospheric CO2, modified from (Koren et al., 2019). The CO2 mass fluxes, indicated with 
symbol F, are given in units of GtC/year. The reported values for CO2 mass fluxes are integrated over the global 
domain, averaged over the years 2012/2013. As a sign convention, the CO2 mass fluxes that tend to increase the 
tropospheric CO2 mass are expressed as positive numbers. The subscripts ff, bb, S, A, L, SI, and resp stand for 
fossil fuel, biomass burning, stratosphere, atmosphere, leaf, soil invasion and respiration, respectively. 

 

1.4. Objective and approach of this thesis 
 

17O of CO2 has been proposed as a promising new tracer to estimate GPP. Measuring 17O 
of CO2 is challenging due to the interference of 13C16O16O (exact mass 44.9932) on the 
12C17O16O (exact mass 44.9940) isotopologue and the low abundance of 12C17O16O. 
Partitioning the contribution of 17O fluxes from different sources and sinks from the 
atmospheric samples is difficult. The goal of this PhD research is to develop a precise 
method to measure 17O of CO2 and to quantify the effect of photosynthesis on the 17O 
of atmospheric CO2.  
 
One of the challenges to use the 17O as a tracer is the difficulty to measure 17O of CO2 with 
standard mass spectrometric methods due to the interference of 13C16O16O isotopologue on the 
12C17O16O isotopologue. Recently, different techniques have been developed involving either 
isotope exchange or conversion of CO2 to O2, and directly using laser spectroscopic techniques 
(Mahata et al., 2013; Barkan et al., 2015; Hofmann and Pack, 2010; McManus et al., 2015, and 
references therein). The variability in 17O of atmospheric CO2 is relatively small (Koren et 
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al., 2019), so it requires precise measurement techniques. In this thesis, two different 
techniques to measure 17O of atmospheric CO2 are developed. The first technique is based on 
the CO2-O2 isotope exchange where the CO2 samples are exchanged with isotopically known 
oxygen and the 17O of CO2 is inferred by measuring the isotope composition of oxygen 
(Mahata et al., 2013; Barkan et al., 2015). The second method is to determine the 17O of the 
CO2 from the 17O+ and 18O+ ion fragments formed in the ion source of a high-resolution isotope 
ratio mass spectrometer. Both techniques require pure CO2, the CO2 is purified cryogenically 
from the air samples for 17O measurement. The methods are tested for CO2 samples with 
different 17O values. This work is presented in Chapter 2 of this thesis.  

As discussed in the previous section, photosynthesis (the gross assimilation flux) is limited by 
the conductance of CO2 from the leaf surrounding to the site of carboxylation. Parameters that 
limit the net assimilation influences the extent photosynthesis effect on the 17O of atmospheric 
CO2. Stomatal conductance (gs) can be calculated easily from measurements of water loss from 
a leaf, the air humidity surrounding the leaf, and the leaf temperature with the assumption water 
vapor in the intercellular airspace is fully saturated (Gaastra, 1959; Caemmerer and Farquhar, 
1981). The conductance of CO2 from the intercellular air space to the site of carboxylation 
cannot be measured directly and it varies depending on the type of metabolism, environmental 
and growing conditions. To address this, we used three plant species that are representative of 
three different biomes and different photosynthetic pathways. Sunflower (C3 plant), a 
representative for temperate and tropical crops, ivy (C3 plant), representative of forests and 
other woody vegetation and stress subjected habitats and maize (C4 plant), typical for savanna 
type vegetation. To characterize the variation of gm depending on the irradiance, we estimated 
the gm using 13C, 17O, 18O and 17O at two different light intensities. Estimating gm using 

17O is introduced for the first time. This work is presented in Chapter 3 of this thesis.  

To be able to accurately determine the effect of photosynthesis on the 17O of CO2 and to use 
17O as a tracer it is important to separate the photosynthesis flux from other fluxes as 

discussed in the previous section. To quantify the effect of photosynthesis using 17O we used 
a leaf cuvette setup where a single leaf is enclosed in the cuvette and the mole fraction and 
triple oxygen isotope composition of CO2 and water vapor entering and leaving the leaf are 
measured. From the triple oxygen isotope composition and mixing ratio of the CO2 entering 
and leaving the cuvette, the effect of photosynthesis on 17O of CO2 is quantified. To 
investigate the dependency of the effect of photosynthesis on 17O of CO2 we used the CO2 
entering the cuvette with two different 17O anomalies. This work is presented in Chapter 4 of 
this thesis.  
 
Finally, the findings of this thesis and future research objectives to use 17O both as a tracer 
for gross primary production and mesophyll conductance are summarized in Chapter 5 of this 
thesis. 
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Chapter 2 
 

Determination of the triple oxygen and carbon isotopic 
composition of CO2 from atomic ion fragments formed in 
the ion source of the 253 Ultra High-Resolution Isotope 
Ratio Mass Spectrometer 
 
Abstract  
 
Rationale: Determination of 17O directly from CO2 with traditional gas source isotope ratio 
mass spectrometry is not possible due to isobaric interference of 13C16O16O on 12C17O16O. The 
methods developed so far use either chemical conversion or isotope equilibration to determine 

17O of CO2. In addition, 13C measurements require correction for the interference from 
12C17O16O on 13C16O16O since it is not possible to resolve the two isotopologues. 
 
Methods: We present a technique to determine 17O, 18O and 13C of CO2 from the fragment 
ions that are formed upon electron ionization in the ion source of the Thermo Scientific 253 
Ultra High-Resolution Isotope Ratio Mass Spectrometer (hereafter 253 Ultra). The new 
technique is compared with the CO2-O2 exchange method and the 17O-correction algorithm for 

17O and 13C respectively.  
 
Results: Scale contractions for 13C and 18O are slightly larger for fragment ion measurements 
compared to molecular ion measurements. 17O and 17O of CO2 can be measured on the 17O+ 
fragment with an internal error that is a factor 1 - 2 above the counting statistics limit. The 
ultimate precision depends on the signal intensity and on the total time that the 17O+ beam is 
monitored; a precision of 14 ppm (parts per million) (standard error of the mean) was achieved 
in 20 hours at the University of Göttingen. The 17O measurements with the O-fragment 
method agree with the CO2-O2 exchange method over a range of 17O values of -0.3 to + 0.7 
‰.  
 
Conclusions: Isotope measurements on atom fragment ions of CO2 can be used as alternative 
method to determine the carbon and oxygen isotopic composition of CO2 without chemical 
processing or corrections for mass interferences. 
 
Key words: 17O, CO2 isotopes, fragmentation, isotope ratio, 253 Ultra 
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2.1. Introduction  
 
Oxygen has three stable isotopes,16O, 17O and 18O, with average terrestrial abundances of 99.76 
%, 0.04 % and 0.21 %, respectively. These abundances can be changed by kinetic and 
equilibrium fractionation processes and other physicochemical effects. Variations in isotopic 
abundance are reported as deviations of a heavy-to-light isotope ratio in a sample relative to a 
reference material. In the case of oxygen isotopes, the two isotope ratios are 18R = [18O]/[16O] 
and 17R = [17O]/[16O] and the international standard is Vienna Standard Mean Ocean Water 
(VSMOW). 
 

 
(2.1) 

 

 
(2.2) 

 
Since isotope variations are small, they are usually reported in per mill (‰). Most isotope 
fractionation processes depend on mass. For oxygen isotopes, this results in fractionation 
patterns where the fractionation in 17O is approximately half of the fractionation in 18O 
(equation 2.3).  
 

 (2.3) 

 

The factor  (i.e. ) ranges from 0.5 to 0.53 for such mass dependent isotope 

fractionation processes (Matsuhisa et al., 1978; Miller, 2002; Thiemens, 1999). Ozone 
photochemistry is a well-known exception to this rule, and O3 and related gases have a large 
oxygen isotope anomaly, expressed as 17O and referred to as mass independent isotope 
fractionation. We use the logarithmic definition to calculate 17O of CO2 (equation 2.4) (Miller, 
2002; Clayton and Mayeda, 1996; Kaiser et al., 2004). Note that the choice of  is arbitrary 
since a variety of sources contribute to the isotopic composition of tropospheric CO2 with 
different fractionations and different three-isotope slopes. In this study we used  value of 
0.528 to calculate 17O of CO2 following (Barkan and Luz, 2012; Barkan et al., 2015) and the 
17O-correction algorithm by Brand et al. (2010). 
 

 (2.4) 

 
Since the discovery of mass independent fractionation (Thiemens, 1983), the 17O has been 
used to study sources/sinks of atmospheric trace gases and chemical reaction pathways. Several 
studies have shown that CO2 acquires 17O from O3 via photochemical isotope exchange in 
the stratosphere (Lämmerzahl et al., 2002; Wiegel et al., 2013; Yung et al., 1991; Liang et al., 
2006; Kawagucci et al., 2008; Lyons, 2001; Thiemens, 2006; Thiemens et al., 1991). When 
this CO2 re-enters the troposphere (Boering et al., 2004; Liang and Mahata, 2015; Thiemens et 
al., 2014) the 17O is successively diminished ( 17O is lowered) by oxygen isotope exchange 
with leaf, soil and ocean water. Isotopic exchange of CO2 with leaf water is more efficient than 
with ocean water due to the presence of carbonic anhydrase in the leaves, and as a result the 
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main sink for the 17O of CO2 is exchange with leaf water. Precise measurements of the 17O 
of CO2 may therefore help to better constrain the exchange of CO2 between the atmosphere 
and the biosphere/hydrosphere. For several processes it has been shown that 17O is a more 
suitable tracer than 18O alone (Hoag et al., 2005; Laskar et al., 2016; Liang et al., 2017b; 
Hofmann et al., 2017).  
 
Determination of 17O in CO2 with traditional isotope ratio mass spectrometer techniques 
remains challenging due to the isobaric interference of 13C16O16O (exact mass 44.9932) and 
12C17O16O (exact mass 44.9940). Resolving these two isotopologues requires a mass resolving 
power(m/ m) of 56000, far beyond the resolving power of traditional mass spectrometer 
systems. Different alternative techniques have been developed to measure 17O of CO2: (1) 
CO2 fluorination and isotopic measurement of the released O2 (Thiemens, 1989); (2) 
Conversion of CO2 to H2O and CH4 followed by H2O fluorination and isotopic measurement 
of the released O2 (Brenninkmeijer and Rockmann, 1998); (3) Isotope exchange between CO2 
and CeO2 (Assonov and Brenninkmeijer, 2001; Mrozek et al., 2016; Mahata et al., 2012) or 
CuO (Kawagucci et al., 2005) with known oxygen isotopic composition and measurement of 
the 45CO2 value before and after exchange to calculate the 17O value of CO2; (4) Isotope 
exchange between CO2 and CeO2 followed by isotope analysis of the equilibrated CeO2 by 
laser fluorination (Pack, 2010). (5) Equilibrium exchange of CO2 with H2O followed by 
fluorination of H2O and measurement of the isotopic composition of released O2 (Barkan and 
Luz, 2012; Passey et al., 2014); (6) Isotope exchange between CO2 and O2 over hot platinum 
and measurement of the isotopic composition of oxygen before and after exchange to calculate 
the 17O value of CO2 (Mahata et al., 2013; Barkan et al., 2015). All these methods require 
either chemical conversion or isotope exchange, which can introduce procedural errors. In 
recent years, laser-based absorption spectroscopy techniques to determine 17O value and other 
isotope signatures of CO2 from air samples have been developed (McManus et al., 2005; 
McManus et al., 2015; Stoltmann et al., 2017).   
 

Very small variations in the 13C value are used to quantify fluxes between atmosphere and 
hydrosphere and/or ocean (Keeling et al., 1979; Mook et al., 1983; Francey, 1999; Allison and 
Francey, 1995; White, 2002). Due to the mass interference of 12C17O16O and 13C16O16O (Brand 
et al., 2010; Assonov and Brenninkmeijer, 2003; Kaiser, 2008; Miller et al., 2007; Allison and 
Francey, 1995; Santrock J., 1985; Craig, 1957), the value of 13C measurements require an 
appropriate correction for 17O-interefernce. Different “17O correction” algorithms are in use to 
correct for the interference of 12C17O16O on the value of 13C, causing discrepancies between 
different correction algorithms used. The discrepancies in the 13C value introduced by 
different 17O correction algorithms (i.e. different , 17R, 13R) are explored by Assonov and 
Assonov and Brenninkmeijer (2003) in detail. They reported a discrepancy of 0.058 ‰ for 
tropospheric CO2 with 45(CO2) and 46(CO2) values of -9.2 ‰ and +2.180 ‰ vs. NBS19-CO2 
between the algorithm by Allison et al. (1993) and Santrock J. (1985) due to differences in the 
values of 17R and . The discrepancies introduced by 17O correction algorithms depend on the 

46(CO2) values (Miller et al., 2007) resulting in a different 17O correction for CO2 having the 
same 45(CO2) value but a different 46(CO2) values. By design, most of the 17O correction 
algorithms does not consider the 17O of the CO2 and the ones that include 17O requires 
precise measurement of the 17O value of CO2.  For instance, the Allison et al. (1993) algorithm 
introduces an error ranging from -0.13 to -0.78 ‰ for stratospheric CO2 (Miller et al., 2007). 
Nevertheless, the error introduced to the 13C value because of using different  is different for 
CO2 with different 17O even if the same algorithm is used. It is desirable to use an alternative 
technique that enables the determination of the 13C value without a bias introduced due to the 
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17O correction algorithm for better use of the 13C values as a tracer to quantify fluxes between 
atmosphere and hydrosphere and ocean.  
 
Recently developed high resolution isotope ratio mass spectrometers (Eiler et al., 2013; Young 
et al., 2016b) are designed to overcome limitations of traditional isotope ratio mass 
spectrometer systems in terms of mass resolution and sensitivity. In this study, we present a 
technique to determine the isotope composition of CO2 from the C and O fragment ions, which 
are produced from CO2 in the ion source of two 253 Ultra (Thermo Fisher Scientific, Bremen, 
Germany) instruments installed at Utrecht University and the University of Göttingen.  
 
Isotope measurement of fragment ions is not a new concept. The method has been deployed, 
for example, to study the intramolecular distribution of 15N+ in N2O (Röckmann et al., 2003; 
Brenninkmeijer and Röckmann, 1999; Toyoda and Yoshida, 1999; Yoshida and Toyoda, 2000; 
Westley et al., 2007), to determine the site specific carbon isotopic composition of propane 
(Piasecki et al., 2016) and to measure  sulfur isotopes in COS (Hattori et al., 2015). Here we 
establish an analytical method to determine the 17O, 18O and 13C values of CO2 directly on 
C and O fragment ions of CO2 without any chemical manipulation of the CO2 molecule. 
Notably, this method provides an independent technique to measure 17O of CO2 and the 
results are validated by comparison with the existing CO2-O2 exchange method and by 
measuring CO2 with known 17O.  
 

2.2. Experimental setup and measurements  
 

2.2.1. The 253 Ultra instrument 

 
The 253 Ultra is the commercial version of a high mass resolution gas source multi-collector 
mass spectrometer, which was pioneered with the MAT 253 Ultra prototype in 2012 (Eiler et 
al., 2013; Stolper et al., 2014). The high mass resolution of the 253 Ultra enables the 
investigation of the abundance of isotopologues that suffer from isobaric interferences. The 
mass resolving power of the instrument can be tuned to m/ m > 35000 and the peak stability 
over time is < 5 ppm in mass. m/ m is the width of a peak flank between 5 % and 95 % of the 
maximum peak signal. The instrument is controlled by the QtegraTM software package (Thermo 
Fisher Scientific, Bremen, Germany). 
 
The ion source of the 253 Ultra is connected to a sample introduction system of four variable 
volume reservoirs that can be filled with sample or reference gases. The control of ion source 
chemistry (adduct formation, fragmentation, formation of metastable ions, linearity and 
exchange reactions of the sample gas with adsorbed species at the inner ion source surfaces) 
are critical for accurate isotope ratio measurements. The differentially pumped ion source can 
be baked to high temperature and is fitted with a variable ion source conductance (VISC) 
window to adjust the source pumping conductance and to control the residence time of the 
sample gas in the ionization volume, which is one critical parameter for ion source chemistry. 
The source slit can be switched to three different slit sizes for low, medium and high-resolution 
settings. For the instruments at Utrecht University and University of Göttingen the slit widths 
are 250 μm, 16 μm and 5 μm. The intermediate aperture at the entrance of the magnetic sector 
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allows to select an extra high-resolution mode to achieve m/ m > 35000 mass resolving power. 
It should be noted that higher resolution comes at the cost of lower ion beam intensities. 
 
The basic setup of the instrument follows a double focusing Nier Johnson geometry with a 90o 
deflection angle of the electrostatic sector (r=22.4 cm) and the magnetic sector (r=23 cm) as 
shown in Figure 2.1. Double focusing means that there is stigmatic focusing of the ions passing 
the source slit regardless of the angular and energy distribution in the ion beam. Usually low-
resolution sector mass analyzers are of single focusing type, i.e. just a magnetic sector. The 
mass resolving power of a single focusing system is limited by the chromatic aberration that is 
caused by the energy spread of the ions generated in the ion source. Double focusing can 
overcome this limitation. In a properly designed double focusing system the electrostatic sector 
optics match the chromatic aberrations of the magnetic sector optics such that the combined 
system eliminates both, the angular and chromatic aberrations up to the second order (Wollnik, 
1987).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1 Ion optical layout of the Thermo Scientific 253 Ultra high-resolution isotope ratio mass spectrometer. 
In the ion source, the ions are accelerated to 5 keV onto the source slit. After the electrostatic analyzer the ions 
are accelerated to 10 keV just before passing the crossover. The switchable intermediate aperture behind the 
magnetic sector is used for extra high mass resolution settings and the zoom lens allows for fine adjustments of 
peak overlap. The variable multicollector assembly is mounted on the focal detector plane of the mass 
spectrometer system. The RPQ filter lens discriminates for scattered ions and reduces abundance sensitivity. It is 
located behind the focal plane right in front of the ion counter. 

 
In the 253 Ultra the ions are generated at a potential of 10 keV. The ions are accelerated to the 
source slit of the double focusing mass analyzer to a kinetic energy of 5 keV. After passing 
through the electrostatic analyzer the ions are further accelerated to 10 keV kinetic energy 
before they pass through the magnetic sector where the ion trajectories are split up according 
to their mass. Finally, the ions are focused along the focal detector plane of the mass analyzer. 
The two-stage acceleration of the ion beam allows a very compact design of the electrostatic 
sector geometry, which otherwise would have required the radius of the electrostatic sector to 
be about twice as large as the radius of the magnetic sector. Due to the compact geometry, the 
ion optical setup of the 253 Ultra fits onto just one monolithic base plate. The resonance 
frequency of this rigid mechanical construction is very high and precise, which makes the 
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system robust against low frequency vibrations that usually occur in buildings. In order to 
achieve ultimate stability, the complete mass analyzer and the electronics are housed in a 
shielded temperature stabilized cabinet to be robust against temperature fluctuations in the lab 
(2 oC).  
 
The variable detector array supports eight moveable detector platforms, which are equipped 
with Faraday detectors that can be read out with selectable resistors with resistances between 
3  108  and 1013 . The three collector platforms at the high mass end are additionally 
equipped with compact discrete dynode ion counting detectors (Tuttas, 2008) next to the 
Faraday detectors. The axial detector channel is fixed in position and supports a dual detector 
arrangement, where the ion beam can be switched between a Faraday cup and an ion counting 
channel. The axial ion counting detector is equipped with a retardation lens (RPQ-lens) to reject 
scattered background ions originating from scattering events along the ion optical flight path 
(apertures, residual gas particles) which leads to an abundance sensitivity in the ppb range 
(Eiler et al., 2013).  
 

2.2.2. Characterization of the 253 Ultra for CO2 measurement  

 
We investigated the effect of equilibration time, emission current, source conductance and 
signal intensity on the ionization of CO2 as suggested by Verkouteren et al. (2003a; 2003b) and 
Meijer et al. (2000). We characterized scale contraction effect of the ion source of the 253 Ultra 
at Utrecht University using two CO2 gases (G1 and SCOTT see Table 2.1 for details). The 
characterization of the instrument is performed at low resolution (250 m entrance slit width, 
m/ m ~2000) with five Faraday collectors that are read out with resistors of 3 108 , 1 109 

, 3 1010 , 1x1011 , 1 1011  for m/z 44, 45, 46, 47 and 48. The corresponding collectors 
used for this measurement are L2, L1, Center, H1, H2 for m/z 44, 45, 46, 47 and 48, 
respectively. Here, only data corresponding to m/z 44 to 46 are presented. The ion signal of the 
high intensity ion beam (m/z 44) is adjusted before each acquisition to 3.2 1011 cps (counts per 
second) with an allowed difference of 1 1010 cps between the two bellows that are used for the 
measurement. Under these conditions the ion source pressure is 2.5 10-7 mbar. The reference 
measurement is performed with 9.9 kV accelerating voltage, filament emission current of 1.8 
mA, equilibration time of 60 s, integration time of 67.1 s and with the VISC window closed.  
 
To study the effect of equilibration time and source conductance, we measure the two gases 
with equilibration time of 10, 20, 30, 40, 50, 60 and 90 s with the VISC window open and 
closed. The effect of the emission current is quantified by setting the emission current to 1 mA, 
1.5 mA and 1.95 mA. To investigate the effect of signal intensity (cps for m/z 44), three 
experiments with 2.5 1011 cps, 1.5 1011 cps and 9 1010 cps for m/z 44 are performed. Note 
that measurements to characterize the effect of emission control current and signal intensity 
are performed with equilibration time of 30 s, so they cannot be directly compared to the 
reference measurement with equilibration time of 60 s. The effect of cross contamination is 
calculated according to Meijer et al.(2000) using equation 2.5. To calculate the change in scale 
contraction with changes in equilibration time, we compare the relative difference of the two 
gases (in 13C and  18O values) measured at different equilibration times with the value 
obtained at 90 second equilibration time. Similarly, the scale contraction due to emission 
current is calculated with respect to the results obtained at an emission current of 1 mA. The 
cross contamination ( ) is calculated as 
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(2.5) 

  
Where y is 13 (for 13C) or 18 (for 18O), the index a indicates the respective  value under 
reference conditions (90 seconds equilibration time and 1 mA emission current), and index m 
indicates the  value at a different equilibration time or different emission current. 
 
To link our results to international isotope scales, we use a set of isotopically different pure O2 
and CO2 reference gases. Multiple aliquots of each gas were sent to Eugeni Barkan from the 
Hebrew University of Jerusalem for analysis. This research group also provides high precision 

17O values and has established a direct link between the oxygen isotope scales of O2 and CO2. 
The reported results were assigned to our reference gas cylinders, which were also measured 
extensively on the Thermo Scientific Delta Plus XL™ instrument in our laboratory (Thermo 
Fisher Scientific, Bremen, Germany) and on the 253 Ultra. The appropriate scale contraction 
factors (see section 3) are used to convert the raw data to the scale of the Hebrew University 
of Jerusalem (Luz and Barkan, 2005; Barkan and Luz, 2012; Barkan and Luz., 2004). 
 

2.2.3. Fragment Method   

 
The 17O+ fragment measurements at Utrecht University are performed at medium resolution 
(16 m entrance slit width, m/ m > 7500) with the “reference” source settings mentioned 
above, i.e., emission current of 1.80 mA, accelerating voltage 9.9 kV, VISC window closed. 
The ion signals are registered in three Faraday collectors (L3, Center, H3) that are read out 
with resistors of 1 1011 , 1 1013 , 1 1013  for m/z 16, 17 and 18, respectively. The ion 
signal intensity is adjusted before each acquisition to 9.2x108 cps on m/z 16, which corresponds 
to a source pressure of ~2.5 10-7 mbar, with a tolerance of 3 106 cps between the bellows. 
Reasonable source pressures for fragment ion measurement are determined to fall between 2.0 
and 4.5x10-7 mbar (resulting in major ion beam signals of 0.75 to 1.25x109 cps at medium 
resolution), corresponding to the linear portion of the source pressure vs. signal intensity 
relation for m/z 16 (supplementary Figure S2.1). Integration and equilibration times are 67.1 
and 60 s, respectively, which implies that in a measurement cycle both sample and reference 
are measured for 67.1s out of 254.2 s i.e., 26 % of the time. Figure 2.2 shows the mass spectrum 
for m/z 16, 17 and 18. The main interference for the 17O+ ion (mass 16.9991 u) is OH+ (mass 
17.0027 u). The mass difference between these two ions is only 0.0036 u. With the 253 Ultra, 
they are sufficiently separated using the medium resolution slit to enable measurement of 17O+ 
on a narrow plateau without interference from OH+. In this study the medium resolution slit is 
chosen since the plateau is sufficiently flat and gives a sufficient signal to allow stable 
positioning for 17O+ measurement as shown in Figure 2.2. The width of the plateau can in 
principle be increased by going to high mass resolution, but this would result in a reduction of 
the ion current by a factor 3 and a corresponding increase in the required measurement time to 
reach a certain precision. For 18O+ (mass 18.9984) the mass difference to its main interference 
H2O+ (19.0148 u) is 0.0164 u which results in a broad shoulder even at medium mass 
resolution. The potential effect of other interferences is discussed below. 
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Figure 2.2 Medium resolution mass spectra for measurement of 16O+, 17O+ and 18O+ fragment ions of CO2. The 
shaded area shows the region of the shoulder where 17O+ is measured interference-free, a magnified view is shown 
in the right panels. The mass scale (x-axis) applies to the middle panels (17O) for the top and bottom panels, the 
mass scale is shifted one mass down or up, respectively. 

 
Small shifts in the mass scale regularly lead to a deterioration of measurement precision, when 
the mass position shifts away from the small 17O+ shoulder. This can be largely circumvented 
by resetting the mass scale at regular time intervals during the measurement. The present 
version of the Qtegra software does not allow automatic positioning on a shoulder of multiple 
overlapping peaks. Therefore, the collector configuration is carefully arranged such that the 
center of the m/z 16 peak is precisely located at the shoulder of the m/z 18 and m/z 17 peaks 
where 17O+ and 18O+ can be measured interference-free. A peak center is then performed on 
m/z 16 before each acquisition which is precise enough to relocate the system on the narrow 
shoulder of the m/z 17 peak. Nevertheless, instabilities in the mass scale are still considered a 
main contributor to the remaining error above counting statistics, and an automatic positioning 
routine that scans the 17O+ shoulder directly to reposition the peak may improve precision.  
 
All 17O+ fragment measurements on the 253 Ultra at University of Göttingen are performed at 
medium resolution (16 μm entrance slit width, m/ m ~ 7500) with 9.85 kV accelerating voltage 
and 1.85 mA emission current, with the VISC window closed. The integration and equilibration 
times are 67.1 and 12 seconds, respectively, which implies that in a measurement cycle both 
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sample and reference are measured for 67.1 out of 158.2 s i.e., 42.4 % of the time. Three 
Faraday collectors (L3, Center, H3), equipped with 1 1010 , 1 1013 , and 1 1012  resistors, 
are used to detect the ion signals for m/z 16, 17, and 18 respectively. The signal intensity is 
adjusted per acquisition on m/z 16, with a target intensity of 1.2 109 cps (tolerance 0.2 %), 
corresponding to a source pressure of 4.12 10-7 mbar. 
 
The doubly charged ion 16O18O++ is very close in mass to 17O+ (Table S2.5) and interferes at 
the lower mass shoulder of the 17O+ peak. Figure 2.3 shows mass spectra recorded at medium 
resolution using the compact discrete dynode (CDD) collector of the H2 collector unit of the 
Ultra (H2-CDD). The interference of 16O18O++ can be detected 0.002 mass units before the 
larger 17O+ peak starts. 16O18O++ is formed in the ion source most likely from the recombination 
of 16O and 18O atom fragments. Therefore, the contribution 16O18O++ to 17O+ depends on the 
18O content of the gas, and it has to be corrected to avoid a systematic bias in the 17O 
determination when the 18O of sample and working reference gas is different. Figure 2.3 c 
shows that the 16O18O++ signal increases relative to the 17O+ and 18O+ signal towards lower 
source pressures but it is quite stable at pressures above 10-7 mbar.  
 

 
Figure 2.3 Interference of 16O18O++ on the measurement of the 17O+ fragment. A) Mass spectra at different source 
pressure. B) Zoom to the background signal where the interference of 16O18O++ can be detected starting around 
mass 17.445, 0.002 mass units before the larger 17O+ peak. The CDD background signals determined in the grey 
shaded area were subtracted from the signals in the dark shaded area to quantify the contribution from 16O18O++. 
C) Abundance of the 16O18O++ signal relative to the measured signals 17O+m and 18O+m (in %). For source pressures 
above 10-7 mbar, where our measurements were carried out, the 16O18O++ signal is 0.06 % of the 18O+ signal, which 
results in a contribution of 0.3 % to the 17O+ ion beam D) Bias in 17O introduced by 16O18O++ as a function of the 
difference in 18O between sample and working gas for different source pressures.  
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At 2.5 10-7 mbar, where our measurements were carried out, the 16O18O++ signal is 0.055 % of 
the 18O+ signal, which results in a 16O18O++ contribution of about 0.3 % to the 17O+ ion beam. 
Based on this correction factor, Figure 2.3 D shows the calculated effect of 16O18O++ on the 
measured 17O values, as a function of the 18O difference between sample and working 
reference gas and for different source pressures. The correction is likely instrument and tuning-
dependent and should be determined regularly. We applied a corresponding correction to the 
data where we compare the results from the O-fragment method and CO2-O2 exchange method.  
 
The 13C+ fragment is measured at Utrecht University at medium resolution (16 m entrance 
slit width) with the same emission current, acceleration voltage, integration time and 
equilibration time as used for the 17O+ fragment method, again with the VISC window closed. 
The ion signals are registered in two Faraday collectors (L4 and Center) that are read out with 
resistors of 1.0 1011  and 1.0 1013  for 12C+ and 13C+ respectively. The mass spectra for 
12C+ and 13C+ are shown in Figure 2.4. The main interference for 13C+ (mass 13.0034 u) is 12CH+ 
(mass 13.0078 u), which requires a mass resolving power of 2900. This is well resolved with 
medium resolution slit of the 253 Ultra (m/ m > 7500). 
 

 
 
Figure 2.4 Medium resolution mass spectra for measurement of 12C+ and 13C+ fragment ions of CO2. The shaded 
area shows the region where the isotope measurements were performed. Measurement of the C fragment is 
performed at medium resolution. The mass scale (x-axis) applies to the middle and bottom panels (13C) for the 
top panel, the mass scale is shifted one mass down. 
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To establish the scale contraction correction for fragment ion measurements, isotopically well-
characterized pure CO2 gases (see section 2.2) were analyzed both with the molecular ion 
method and with the fragment ion method. The CO2 and O2 working reference gases used in 
this study are summarized in Table 2.1. The two CO2 samples G3 and G4 are prepared from 
G2 by adding isotopically anomalous CO2 generated by UV-induced isotope exchange between 
CO2 and O3.  
 
Table 2.1 Overview of name, supplier and isotopic composition of the CO2 and O2 working standards used in this 
study. All the CO2 gases used have a purity of 99.995 % and O2 gases have a purity of 99.9998 %.  

 
CO2 working reference gases 

Name Supplier  13C vs. VPDB [‰] 18O vs. VSMOW [‰] 
G1 Air products, Germany -39.47±0.012 4.843±0.013 
G2 Linde Gas, the Netherlands  -31.733±0.008 34.998±0.023 
G5 Air products, Germany -10.445±0.010 30.404±0.020 
SCOTT Air products, Germany -2.900±0.011 25.803 ±0.015 

O2 working reference gases 
Name Supplier  17O vs VSMOW 18O vs VSMOW 
IMAU-O2 Air products, the 

Netherlands  
9.254 ±0.007 18.542±0.008 

GU-O2 Air products, Germany 3.849±0.017 8.218±0.007 
 
The reported internal precision of the fragment technique is compared to the expected error 
(precision) based on counting statistics (EECS), which is calculated as:  
 

 
(2.6) 

 
Where N is the average count rate (cps), tint is the integration time in seconds, n is the number 
of measurement cycles and the factor  accounts for the fact that both reference and the 
sample introduce the same error to the  value. Throughout the manuscript the error of a single 
measurement series is reported as standard error of the mean. When we quantify errors for 
more than one measurement (series), we report the standard error times student t-factor to cover 
the 95 % confidence interval.  
 

2.2.4. O2-CO2 exchange method 

 
A schematic diagram of the O2-CO2 exchange experimental setup at Utrecht University is 
shown in Supplementary Figure S2.2. The central part of the CO2-O2 exchange system is the 
exchange reactor, which is made of quartz while the other parts are made from borosilicate 
glass. The general design is similar to the one in Barkan et al. (2015), except for some 
modifications in the ways of introducing CO2 and O2 into the reactor.  
 
Approximately 1.7 mL of pure CO2 with known (measured) 18O value was expanded to the 
glass line and trapped cryogenically using liquid nitrogen in the calibrated volume (CV, 2.319 
mL). The amount of CO2 was precisely determined with a pressure sensor (PS9504, Geological 
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and Nuclear Sciences limited, New Zealand). The CO2 sample was then transferred 
cryogenically to the quartz reactor. The trapping in the quartz reactor occurs at the horizontal 
tube that is continuously cooled using liquid nitrogen provided by a microdosing system 
(Norhof 900 series LN2 cooling system, the Netherlands). After introduction of the CO2 sample, 
an approximately equal amount of pure O2 (IMAU-O2) with known 17O and 18O values is 
admitted to the small volume above the reactor and then expanded into the reactor. The CO2 is 
then released from the cold tube by stopping the LN2 microdosing system, and the gases are 
allowed to react for 30 minutes in the quartz reactor that contains 0.18 g of platinum sponge 
(99.9 % purity, Sigma Aldrich, USA) at the bottom, which is heated to 750 oC with a 
temperature-controlled oven (CFH VC401A06A-0000R, Kurval, The Netherlands). After 30 
minutes, CO2 is extracted cryogenically in a double U trap, while O2 is collected behind this 
trap on 3 pellets of molecular sieve 13X (1.6 mm, Sigma Aldrich, USA) at liquid nitrogen 
temperature. The isotopic composition of the exchanged O2 is measured using a dual inlet 
system on the DeltaPlusXL isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen, 
Germany) using three Faraday collectors equipped with resistors of 3 108 , 3 1010  and 
3 1011  for m/z 32, 33 and 34 respectively. The value of 17O (CO2) is then calculated from 
the change in 17O(O2) value before (index i = “initial”) and after (index f = “final”) isotope 
exchange with CO2 based on the following mass balance equation (equation 2.7), after Barkan 
et al. (2015).   
 

 (2.7) 

 
where  is the molar ratio of CO2 to O2 and and 

are the 17O and 18O equilibrium fractionation factors between CO2 and O2 in 
presence of the hot platinum catalyst (Barkan et al., 2015). In our CO2-O2 exchange setup the 
equilibrium fractionation factors are 17(CO2/O2) = 1.0006657 and 18(CO2/O2) = 1.000998, 
determined by measuring the isotopic composition of CO2 and O2 after isotope exchange was 
fully established.  
 

2.2.5.  Samples  

 
2.2.5.1. Preparation of CO2 with known 17O and 18O values  

 
At Utrecht University, CO2 with known isotopic composition is prepared by combusting a pure 
graphite rod (99.9995 % purity, Alfa Aesar, Part number: 40765) (Thermo Fisher Scientific, 
Germany) in isotopically known pure IMAU-O2 (Table 2.1). The graphite rod (3.05 mm x 
32mm) is wrapped in a sheet of platinum foil and platinum wire and placed inside a quartz 
reactor as shown in Supplementary Figure S2.3. The experimental setup is similar to the one 
presented in Barkan and luz (1996), except for a modification in the way CO2 is trapped. The 
graphite rod is conditioned by heating to 1000 oC in vacuum for 2 days. The combustion 
experiment is performed at 750 oC and the CO2 is trapped immediately at liquid nitrogen 
temperature using a collar trap (Figure S2.3) to avoid fractionation due to possible exchange 
with the graphite. After O2 has been fully combusted to CO2 (as indicated by the pressure), the 
reactor is cooled to below 200 oC and the collar trap is heated to room temperature (25 oC) to 
release the CO2. The CO2 is collected in a break seal tube at liquid nitrogen temperature. After 
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each conversion experiment the graphite rod is re-conditioned by heating at 900 oC for 1 hour 
to avoid contamination from remaining oxygen.  
 
At the University of Göttingen, isotopically light CO2 was produced from combustion with 
isotopically depleted O2 using a slightly different setup. Instead of using platinum foil and wire 
as catalyst, the graphite rod was immersed in chloroplatinic acid and dried before being 
installed in the quartz reactor. Isotopically light oxygen for the reaction was provided by 
hydrolysis of Antarctic precipitation (Dronning Maud Land, D = -341.1 ‰ vs SMOW and 

18O= -42.4 ‰ vs SMOW). After full combustion, the produced CO2 was transferred into a 
glass vial, which was kept at liquid nitrogen temperature. 
 
2.2.5.2. Preparation of 17O-enriched CO2  

 
 17O-enriched CO2 is prepared by inducing oxygen isotope exchange between CO2 (G2)and O2 
(IMAU-O2) (via O3 and O(1D)) (Shaheen et al., 2007) using a Hg Ultra Violet (UV) lamp 
(Oriel instruments, Newport corporation, USA). The 2L borosilicate photolysis reactor is 
equipped with a UV-transparent SuprasilTM finger in the center to place the lamp as shown in 
Supplementary Figure S2.4. 50 mbar of CO2 is expanded into the 2L reactor and then O2 is 
expanded into the reactor until the pressure reading reaches around 1bar. Then the mixture is 
allowed to photolyze for 18 hours without regulating the temperature. Due to the heat produced 
by the UV light the temperature outside the reactor reaches to 30 oC during photolysis, and is 
much hotter at the Suprasil finger, but this is only a preparative experiment where the exact 
conditions are not critical. After photolysis-induced isotope exchange, CO2 is separated 
cryogenically in a glass spiral trap at liquid nitrogen temperature and O2 is pumped out. Finally, 
the CO2 is collected in a sample vial containing nickel foil (thickness 0.05 mm, 99.98 % purity, 
Goodfellow, Cambridge Ltd, UK). O3 that is formed during photolysis is also condensed with 
CO2 and is decomposed to O2 by heating the sample vial with a heat gun at 500 oC for 10 
minutes. Ni foil catalyzes the decomposition of O3 to O2. Then the CO2 is trapped again with 
liquid nitrogen and the O2 that has formed from O3 decomposition is pumped out. Finally, the 
CO2 is passed through a glass U-trap at dry ice temperature (-78 oC) to remove remaining traces 
of water. Heating O3 and CO2 mixture above 200 oC might cause isotope exchange between 
O3 and CO2 (Katakis and Taube, 1962), but it does not cause a problem for our purpose which 
is to prepare 17O-enriched CO2.  
 
The isotopic composition of the 17O-enriched CO2 sample is measured with the 253 Ultra for 
both molecular ions (m/z of 44 to 46) to determine 18O and 13C values, and atom fragments 
to measure 17O and 18O values. By diluting the 17O-enriched CO2 with pure non-anomalous 
CO2 from the reference CO2 tank (G2), two gas mixtures are prepared with a target 17O of 
approximately 0.25 ‰ and 0.55 ‰. The two mixtures are finally measured both with the CO2-
O2 exchange method and the fragment technique. 
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2.3. Results  
 

2.3.1. Instrument characterization and scale contraction 

 
Scale contraction decreases with equilibration time and source pressure (signal intensity), when 
the variable conductance window fully opened and when decreasing the emission current. A 
detailed investigation of these parameters is presented in the supplementary information 
(Figure S2.5, S2.6, and S2.7 and Table S2.1 and S2.2). The effect of ion source pressure and 
emission control current are the major contributors to the scale contraction. Scale contraction 
can be minimized if the measurement is performed at high source pressure, low emission 
control current and with the VISC window open. The drawback of having higher source 
pressure is potentially a reduction in the life time of the filament while having lower emission 
control current reduces the ionization of the molecules which leads to lower signal. We suggest 
to follow the recommendations suggested by Verkouteren et al. (2003b) to minimize cross 
contamination in dual inlet isotope ratio mass spectrometer measurements. In general, the 
different parameters affect both the 18O and 13C values in the same way, but the effects are 
larger for 18O than for 13C. The origin of the qualitatively different behavior for 18O and 

13C could not be identified and requires further study.  
 
By comparing the results of the molecular ion measurements on the 253 Ultra to the values 
assigned to our reference gases by the Hebrew University of Jerusalem, a scale contraction 
factor of 0.981 is established and applied for molecular ion measurements. The scale 
contraction factor is the ratio of the difference between the two CO2 gases (G1 and SCOTT) 
measured with the 253 Ultra at Utrecht University and the assigned relative difference by the 
Hebrew University of Jerusalem. Thus, the final values reported below are linked to the isotope 
scale of the Hebrew University of Jerusalem (Luz and Barkan, 2005; Barkan and Luz, 2012; 
Barkan and Luz., 2004). 
 
The key parameter relevant for the validation of the fragment method is the scale contraction 
of a fragment ion measurement relative to a molecular ion measurement. This was determined 
by analyzing a set of three isotopically distinct pure CO2 gases both with the traditional CO2+ 

method and with the fragment method (both O+ and C+ fragments). For the traditional 
molecular ion measurements, the 17O-correction procedure from Brand et al. (2010) is used. 
Table 2.2 shows that the scale contraction for fragment ion measurements is slightly larger than 
the one for molecular ion measurements. The scale contraction seems to be also slightly larger 
for measurements on the C+ fragment than for the O+ fragment, but more measurements are 
required to quantify this more thoroughly.  
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Table 2.2 13C and 18O scale contraction factors for measurements with the fragment method relative to the 
traditional measurement technique on molecular ions, using the 17O correction algorithm from Brand et al. (2010). 
Both measurements are carried out on the 253 Ultra using three CO2 gases (G1, SCOTT and G2).  
 

Measurement Fragment (253 Ultra) vs molecule (253 Ultra) 
13C 18O 

G1 vs G2 0.996 0.997 
G1 vs SCOTT 0.993 0.997 
SCOTT vs G2 0.996 0.997 
Average± SE t  0.995 ± 0.0016 0.997  

 
Note that each individual measurement series presented in Table 2.3 and Table 2.4 (CO2+ 
molecule plus O+ fragment plus C+ fragment) takes one full day. For the evaluation of the 17O 
measurements below we use the relative scale contraction of 0.997 determined for the value of 

18O measurements between the traditional CO2+ method and the O- fragment method (Table 
2.2). 
 
Table 2.3 Oxygen isotope composition of various CO2 reference gases measured with the 17O+ fragment method. 

17O and 18O values are given relative to VSMOW; 17O is calculated according to Equation 2.4 using  = 0.528. 
Individual errors are standard errors of the mean of the corresponding measurement series. The error for the mean 
is the standard error of the mean for the six experiments multiplied by the student t-factor for the 95 % two sided 
confidence.  is the ratio between the measured precision and the precision expected from counting statistics for 

17O and n is the number of sample-standard cycles. For 18O,   1 for individual measurement series, but the 
weighted mean error is similar to the one for 17O, which indicates additional handling errors in sample 
introduction at the 0.01 ‰ level. The values in the parentheses are the isotopic composition of oxygen used for 
combustion.  
 

Exp.  n  17O [‰] 18O [‰] 17O [‰] 
                                                  Reference CO2 [Figure 2.5a] 
1 227 1.54 15.661±0.037 30.406±0.011 -0.276±0.036 
2 109 1.53 15.719±0.048 30.419±0.14 -0.225±0.048 
3 47 1.73 15.672±0.082 30.444±0.025 -0.284±0.081 
4 109 1.48 15.701±0.047 30.397±0.014 -0.231±0.047 
5 169 1.42 15.672±0.038 30.380±0.011 -0.251±0.038 
6 68 1.47 15.668±0.057 30.379±0.016 -0.255±0.057 
Mean ±SE t 15.682±0.019 30.404±0.021 -0.254±0.019 

                       Reference O2 to CO2 [Figure 2.5b] (vs reference CO2) 
1 64 1.1 -10.518±0.028 -19.266±0.017 -0.303±0.026 
2 64 0.8 -10.586±0.021 -19.367±0.009 -0.316±0.020 
3 64 1.2 -10.639±0.035 -19.360±0.010 -0.373±0.036 
4 64 1.1 -10.534±0.027 -19.184±0.009 -0.362±0.028 
5 64 1.0 -10.516±0.026 -19.194±0.011 -0.339±0.026 
6 64 1.2 -10.743±0.030 -19.595±0.010 -0.352±0.030 
7 64 1.2 -10.741±0.030 -19.610±0.007 -0.342±0.030 
8 64 1.3 -10.611±0.34 -19.345±0.009 -0.353±0.034 
   -10.611±0.062 -19.365±0.109 -0.342±0.016 
                                              Reference O2 to CO2 [Figure 2.8a] 
1 200 2.43 9.206±0.071 18.510±0.018 -0.520±0.071 
2 300 1.99 9.220±0.048 18.539±0.018 -0.522±0.048 
3 180 1.88 9.298±0.042 18.495±0.017 -0.423±0.042 
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4 200 2.16 9.302±0.048 18.465±0.017 -0.403±0.048 
Mean ±SE t 9.256±0.059 

(9.254±0.007) 
18.503±0.035 
(18.542±0.008) 

-0.467±0.074 
(-0.489±0.008) 

                      Light O2 to CO2 [Figure 2.8b] 
1 216 2.13 -26.934±0.097 -50.791±0.024 0.219±0.067 
2 208 1.43 -26.611±0.355 -50.075±0.512 0.182±0.059 
3 256 1.34 -26.381±0.231 -49.824±0.318 0.311±0.056 
Mean ±SE t -26.666±0.488 

(-26.239±0.002) 
-50.329±0.817 
(-49.614±0.002 

0.237±0.097 
(0.279±0.011) 

 
When the appropriate scale correction parameters are applied, the 13C and 18O values 
obtained from the fragment and molecular ion measurements generally agree at the ~ 0.01 - 
0.03 ‰ reproducibility level (except for one outlier in 13, G1 vs SCOTT = -36.665 ± 0.002 ‰ 
and -36.601 ± 0.020 ‰ for molecular and fragment ion measurements respectively, Figure 
S2.10). Isotope ratio measurements on C and O fragment ions could be an independent method 
to validate/evaluate traditional isotope measurements and ion (17O) correction algorithms at the 
level of precision similar to the reported differences between different ion correction schemes.   
Figures S2.8, S2.9 and S2.10 shows that the fragment method returns the same value when two 
pure CO2 gases are measured directly, and via a third intermediate gas for 13C, 18O and 17O. 
Table 2.3 and 2.4 show that both the 13C+ and 18O+ fragment isotope ratios are measured with 
a precision close to the counting statistics limit. 

2.3.2. Fragment measurement  

2.3.2.1.  17O, 18O and 17O: reproducibility  

 
Figure 2.5A shows 17O for a pure CO2 (G5) sample with six replicates measured using the O- 
fragment method at Utrecht University. The 17O and 18O values of the CO2 are given in Table 
2.3. Measurement times are between 3 and 12 hours. 17O is measured with an individual 
measurement error (standard error of the mean) ranging from 37 to 82 ppm, while the 18O 
values have an individual measurement error of 11 to 25 ppm (standard error of the mean). The 
measurement precision for 17O is worse than that expected from counting statistics by a factor 
of 1.42 to 1.73. As shown in Figure 2.5A and Table 2.3, from these 6 replicates the 17O 
reproducibility is 19 ppm (standard error times student t factor for 95 % confidence). At 
University of Göttingen the reproducibility experiment is performed using CO2 produced by 
combustion of a graphite rod with pure O2 (GU-O2), Figure 2.5B. The 17O and 18O values of 
the CO2 are given in Table 2.3 relative to working reference. 17O is measured with an 
individual measurement error (standard error of the mean) ranging from 21 to 35 ppm while 
the 18O values have an individual measurement error of 7 to 17 ppm (standard error of the 
mean). As shown in Figure 2.5B and Table 2.3, from these 8 replicates the 17O reproducibility 
is 16 ppm (standard error times student t factor for 95 % confidence). The reproducibility for 

17O and 18O is lower due to incomplete combustion of the graphite rod.  
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Figure 2.5 A) 17O (CO2) measured with the O-fragment method for a pure CO2 (G5, see Table 2.1), measured at Utrecht 
University. B) 17O (CO2) measured with the O-fragment method for CO2 prepared by combusting graphite rod with pure O2 
(GU-O2) ( 17O= -10.611 ± 0.062 ‰ and 18O = -19.365 ± 0.109 ‰, relative to the working standard) measured at University 
of Göttingen. Error bars represent ± 1 standard error of the mean (SE). The red line shows the mean and the shaded area is the 
standard error of the mean times student t-factor (95 % confidence).   

 
Due to the low ion counts very long measurement times are required to achieve a precision of 
the order of 10 ppm. A long-term zero enrichment measurement of a cylinder reference gas at 
University of Göttingen (Tyczka Industrie Gase, Tyczka Industrie-Gase GmbH, Germany) 
yielded a precision of 14 ppm for 17O and 17O (5 ppm for 18O) after a measurement time of 
20 hours (Figure 2.6). As mentioned above, a requirement is that the mass scale remains very 
stable over the entire measurement period.  
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Figure 2.6 A long-term zero enrichment experiment ( 17O, 17O and 18O) at the University of Göttingen. After 
20 hours of measurement time a precision of 14 ppm for 17O and 17O, and 5 ppm for 18O is achieved.  
 
At Utrecht University we monitor the stability of the mass scale by recording a medium-
resolution mass spectrum at regular intervals during the measurement. Figure 2.7A and B show 
an example of a long-term fragment measurement during which the mass scale was very stable. 
However, the mass scale is not always that stable, and mass instabilities are one limitation for 
measurements that require long measurement times. Instabilities in the mass scale are likely to 
contribute to the larger errors compared to counting statistics, factor  in Table 2.3, in some 
measurements. 
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Figure 2.7 A) Medium resolution mass sweep for m/z 17 performed during the isotope measurement to monitor 
the stability of the mass scale. Each line represents a single mass spectrum that was recorded after each acquisition 
of 10 cycles of dual inlet isotope measurements. The separation between two mass sweeps is roughly 21 minutes. 
B) shows the 2 D projection of A, where the ion count rate is presented in color to show the stability of the plateau 
used for measurement of the 17O+ fragment (green section).  
 
2.3.2.2.  17O accuracy 

 
The accuracy of 17O and 17O measurements using the O-fragment method is evaluated by 
measuring CO2 with known 17O and 18O values, prepared from isotopically known O2 (see 
section 2.2.5.2) The results presented in Figure 2.8A and Table 2.3 show that 17O of the CO2 
obtained by measuring the 17O and 18O values from the 17O+ and 18O+ fragment ions is 
indistinguishable within the experimental error from the isotopic composition of O2 used for 
the preparation of the CO2. The assigned 17O value of the reference O2 used for combustion 
at Utrecht University is -0.489 ±0.008 ‰ while the CO2 obtained by combustion has 17O = -
0.467 ± 0.074 ‰ when measured with the fragment method (Figure 2.8A and Table 2.3). To 
enable easy comparison, 17O of O2 and CO2 are both calculated with the same value of 

=0.528. Also, the individual 17O and 18O values agree with the source O2 within the errors. 
It should be noted that the discrepancy of 17O results within our measurement series is larger 
than the errors from the individual measurements, which indicates that sample handling errors 
have contributed to the rather large spread in the fragment measurements. The isotopically light 
O2 in Göttingen has assigned values of 17O = -26.239 ± 0.002 ‰, 18O = -49.614 ± 0.002 ‰ 
relative to VSMOW, which yields 17O = 0.279 ± 0.006 ‰. The CO2 produced by combustion 
and measured with the O-fragment method (Figure 2.8B, Table 2.3) shows a rather wide range 
of 17O and 18O values, indicating fractionation (and/or incomplete combustion) in the process 
of preparing the CO2. The effect on 17O is much smaller. 
 

A B
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Figure 2.8 A) 17O of CO2 produced by combustion of a graphite rod (black points and red line showing the mean) 
and 17O of the pure O2 used for combusting the graphite (blue line), measured at Utrecht University. B) Similar 
results for CO2 that was prepared from isotopically depleted O2 at the University of Göttingen, plotted versus the 
m/z 16 signal intensity. 17O values obtained from the fragment method are indistinguishable from the 17O values 

of the combusted O2. The 17O is calculated using  = 0.528 for both gases. Individual error bars represent ± 1 
standard error of the mean (SE). The shaded area shows the standard error of the mean times student t-factor (95 
% confidence).  

The good agreement between 17O, 18O and 17O of oxygen and the CO2 produced by 
combusting graphite shows that determination of the triple isotopic composition of CO2 using 
the O-fragment method is not only reproducible but also accurate. Furthermore, the agreement 
in the triple isotopic composition of oxygen between O2 and CO2 (produced by combustion) 
suggests that our isotope scales for CO2 and O2 are very compatible.  
 
As shown in supplementary Table S2.3, 17O is measured with an average standard error of 39 
ppm (standard error of the mean) for four measurements (A3, B2, B3, C2) at an intensity for m/z 
16 of 1.18 109 cps. When measurements are done at lower signal intensity than the linear 
range for source pressure vs. signal intensity relation for m/z 16 (see above), measurement 
precision decreases. For instance, the precision drops from 39 to 83 ppm (average standard 
error of the mean for the four measurements shown in supplementary Table S2.3) when the 
intensity on m/z 16 decreases from 1.18  109 to 4.70 108 cps. Measurement at higher signal 
intensity, outside of the linear window, does not show a significant improvement in the 
precision of the 17O measurement relative to measurements with lower signal intensity in the 
linear window (supplementary Table S2.3). This might be also due to statistics since we only 
have four measurements. 
 
2.3.2.3. Comparison of O-fragment method with CO2-O2 exchange method 

 
After confirming the accuracy and reproducibly of the O-fragment method, we measured 17O, 

18O and 17O of four CO2 gases both with the O-fragment method and with the oxygen 
exchange method (see above). Two of the gases are commercial CO2 gases (G1 and G2, Table 
2.1) and the other two (G3 and G4) were artificially enriched in 17O as described in section 
2.5.2 (above). As shown in Figure 2.9 and supplementary Table S2.4 the results obtained with 
the two totally independent techniques are indistinguishable within the error bars. The 18O 
values are in the range of 4.8 ‰ to 35.0 ‰ vs. VSMOW and values of 17O range from -0.3 
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‰ to +0.7 ‰ (  =0.528) which covers and extends the 17O range expected for tropospheric 
CO2 samples, including international carbonate standards (Passey et al., 2014). The 17O is 
determined on the O-fragment method with a precision of 36 to 79 ppm (standard error times 
student t-factor for 95 % confidence). The excellent agreement between the two totally 
independent methods provides an independent validation of the fragment ion technique. 
 

 
 

Figure 2.9 Comparison of 17O measured with the fragment method and the CO2-O2 exchange method for four 
different CO2 gases. The 18O values of the CO2 gases range from 4.48 ‰ to 35.00 ‰. The horizontal axis shows 
the number of experiments. Error bars for the fragment measurement represent ± 1 standard error of the mean 
(SE). The red line shows the mean and the shaded area is the standard error of the mean times student t-factor (95 
% confidence). 

 

2.3.3. C-fragment 

 
The 13C values of the two CO2 gases G1 and SCOTT were measured against G2 with the  C-
fragment method and with the traditional measurement on the CO2 molecule (evaluated with 
the Brand et al. (2010) procedure). As shown in Table 2.4, the 13C values obtained from the 
C-fragment method and molecular measurement are the same within the error (at the  0.01 ‰ 
reproducibility level). A possible challenge for measuring 13C with the fragment method, is 
the interference from the 12CH+ adduct due to ion source chemistry (e.g. in the presence of 
water). The 12CH+ adduct is only 0.004 u separated from 13C+ as shown in the mass spectra 
(Figure 2.4). However, the figure also shows that this interference can be resolved at medium 
resolution.  
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Table 2.4 Comparison of 13C and 18O values obtained using the C-fragment and O-fragment technique with 
results from the traditional molecular measurements for pure CO2 gases. For the measurements on the molecule, 
the 17O correction according to Brand et al. (2010) is used.  is the ratio between measured precision and the 
precision estimated from the counting statistics and n is number of cycles for the fragment measurement.  
 

 
13C 

Sample Ex
p 

n  13C [‰] 
(13C+ measurement)  

13C [‰]  
13CO2+ measurement  

 
 
G1vs G2 

1 45 1.0 -7.968±0.015 -7.963±0.001 
2 20 0.73 -7.967±0.022 -7.984±0.001 
3 38 0.74 -7.991±0.016 -7.967±0.001 
4   -7.981±0.001 
5 -7.972±0.001 
6 -7.978±0.002 

Average±SE t -7.975 ±0.023 -7.974±0.007 
G2 vs 
SCOTT 

1 49 0.84 -28.933±0.015 -28.881±0.001 
2    -28.923±0.001 
3   -28.916±0.001 
4   -28.913±0.001 
5   -28.915±0.001 

Average±SE t -28.910±0.016 
18O 

Sample Ex
p 

n  18O (‰)   
(18O+ measurement)  

18O (‰)   
CO2+ measurement 

G1 vs G2 1 145 0.9 -29.106±0.010 -29.140±0.001 
2 146 0.9 -29.138±0.010 -29.146±0.015 
3 107 0.7 -29.125±0.010 -29.132±0.001 
4 81 0.8 -29.128±0.012 -29.101±0.001 
5 143 0.9 -29.086±0.010 -29.093±0.001 
6 89 1 -29.102±0.013 -29.135±0.002 
Average±SE t -29.114±0.016 -29.124±0.018 

SCOTT vs 
G2 

1 196 0.7 -8.885±0.010 -8.841±0.001 
2 163 0.9 -8.873±0.010 -8.847±0.001 
3 143 0.8 -8.866±0.010 -8.886±0.002 
4 177 0.9 -8.881±0.010 -8.876±0.002 
 139 0.7 -8.835±0.010 -8.876±0.002 
Average±SE t -8.868±0.019 -8.865±0.019 
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2.4.  Discussion 
 

2.4.1. Scale contraction 

 
We observe a higher scale contraction when measuring on the fragment ions compared to the 
measurements on the molecular ions (Table 2.2). The difference might be due to the fact that 
fragment ions are more reactive than the molecular ion. High energy collisions between ions 
and the source material cause sputtering and implantation, which may be more effective for 
fragment ions. Therefore, fragment ions may remain effectively longer in the ion source 
causing the observed higher scale contraction. The difference in scale contraction between 
fragment measurement and molecular measurement requires further study.  
 

2.4.2. Possible interferences 

 
Oxygen isotope measurements on O fragment ions with low resolution mass spectrometers are 
mainly limited by the interference from water and its OH fragment ions. The background level 
of water in mass spectrometers is always significant, and it also generally varies when 
switching between bellows in dual inlet measurements. With the 253 Ultra, these interferences 
can be separated from the O+ fragments (Figure 2.2, supplementary Table S2.5), even if the 
shoulder for interference-free 17O+ measurements is narrow. H216O+ is the main interference 
for 18O+ and 16OH+ for 17O+. The two rare isotopologues of OH, 17OH and 16OD could also 
interfere with 18O, but they are negligible in abundance compared to H216O and can be resolved 
at medium mass resolving power. Table S2.5 shows a list of other potential interferences with 
cardinal masses 17 and 18. The molecules made up of lighter atoms than O have masses that 
are always higher than the cardinal mass 17 and 18, because O is the lightest element where 
the exact isotope masses are lighter than the cardinal masses. Therefore, these interferences all 
fall on the high mass side of the O+ fragment ion, and they can also be resolved with the 253 
Ultra at medium resolution (the mass resolving power required is lower than that for separating 
OH+ and H2O+). Therefore, only interferences from doubly ionized oxygen formed in the ion 
source (16O18O++) and other doubly ionized molecules with higher masses (e.g. 34S++ or 36Ar++, 
see supplementary Table S2.5) can potentially interfere at the low-mass shoulders where we 
perform measurements. Formation of doubly ionized ions is usually suppressed by several 
orders of magnitude compared to the singly charged ions. Nevertheless, they interfere at the 
low mass shoulder of the O atom fragments. The interference of 16O18O++ on 17O+ depends on 

18O and source pressure as shown in Figure 2.3. At a source pressure of 2.5  10-7 mbar, the 
size of the correction in our instrument is about 0.5 ppm in 17O (and thus 17O) per 1 ‰ 
difference in 18O between sample and working reference gas. Thus, when the working 
reference gas is close in isotopic composition to the samples that are measured, the correction 
is negligible.  
 
The other challenge to measure the 17O and 18O values of CO2 using the fragment method is 
the possible interference of O fragment ions from other oxygen bearing impurities (OBI) such 
as H2O, O2 or N2O. The sample and the mass spectrometer background should be very clean 
to avoid any oxygen contribution from other molecules. The effect of an OBI on the values of 

17O, 18O and 17O measurements of CO2 ( Iimp) can be estimated using equation 2.8. The 
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magnitude of the interference depends on the isotopic composition, the fragmentation pattern 
(efficiency of producing O fragment ions relative to CO2), ionization efficiency and the 
abundance of the impurity relative to the CO2 (equation 2.8).  
 

 (2.8) 

Where I is 17 or 18,  is the abundance ratio,   is ratio of oxygen atoms in OBI to the 
oxygen atoms of CO2,  is the ratio in ionization efficiency of OBI to CO2 and  is the ratio of 
O+ fragment formation of OBI versus CO2. As mentioned above, a water background is always 
present in mass spectrometer instruments and therefore we estimate the effect of water on 17O, 

18O and 17O measurements of CO2 using equation 2.8. For water  = 0.5 and  = 0.1 because 
the O+ fragment production is only 1 % for H2O, whereas it is 10 % for CO2 (NIST, 2018b, a). 
We assume a similar ionization efficiency between CO2 and H2O (i.e.  = 1) for the calculation. 
Table S2.6 shows the calculated effect of water impurity on the 17O, 18O and 17O values of 
CO2 measured with the O-fragment method for different water levels and isotopic composition 
of the water. For instance, when the isotopic composition of the water impurity relative to the 
CO2 is 17O = -20 ‰ and 18O = -40 ‰, the effect on the 17O and 18O of CO2 will be 
significant for  > 0.3 % and  > 0.1 %, respectively. Since the isotopic composition of the 
water is assumed (roughly) mass dependent, the effect on the 17O will be only significant 
when  > 1 %. When isotopic composition is strongly mass independent ( 17O = 18O = -40 ‰ 
relative to CO2), the effect on 17O will be significant for  > 0.3 % (supplementary Table 
S2.6).  
 

2.5.  Future developments and applications 
 
In the present state of development, the O-fragment method can be used to quantify 17O of 
CO2 with a precision about of 37 ppm in about 12 hours measurement time (67.1 seconds 
integration time and 60 seconds equilibration time). Higher precisions can be achieved by i) 
increasing signal intensity; ii) increasing observation/integration time of the 17O+ fragment ions 
(Figure 2.6) and iii) achieving measurement precisions at the counting statistics limits. The 
signal intensity can be increased by increasing source pressure, but the present measurements 
are already at the upper end of the range where signal intensity increases linearly with source 
pressure (supplementary Figure S2.1). Increasing the ion current will also shorten the filament 
lifetime. Observation time can be increased by simply extending the integration time, by 
reducing the time that is used for peak centering, pressure adjust, etc., and by reducing the 
equilibration time. Reducing equilibration time introduces additional error due to cross 
contamination/mixing between sample and reference.  Ideally, a LIDI (Long Integration Dual 
Inlet) technique where the sample-reference switching is not performed at all would enable 
longer observation times of the sample (Hu et al., 2014). LIDI measurements were attempted 
with the 253 Ultra but not continued because of instability issues. An increase in stability may 
also enable measurements at the counting statistics limit, which would improve precision by a 
factor of 1.5.  
 
Compared to traditional 13C measurements that require a 17O-correction, the C-fragment is 
not subject to the following uncertainties related to the 17O-correction: 
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The use of different 17R, 13R and  values in different algorithms induces discrepancies 
that are larger than the precision of current isotope ratio mass spectrometry techniques 
(Assonov and Brenninkmeijer, 2003)  
Most of the correction algorithms used do not include the impact of 17O of CO2 
The accepted values for 17R and 13R may require revision to meet the current 
measurement precision (Miller et al., 2007)  
There is no single  value that can be assigned to CO2 since different processes that 
contribute to the formation or removal of CO2 follow different three-isotope slopes.  
 

The fragment technique is simple and unlike other techniques does not require any additional 
chemical conversion or exchange steps to measure the 17O value of CO2. Therefore, it can be 
used to independently assess discrepancies in 17O values measured by different laboratories, 
such as the difference in 17O of IAEA (International Atomic Energy Agency) carbonate 
standard (NBS-18) measured by Passey et al. (2014) and Barkan et al. (2015). However, the 
signal intensities for rare isotopes of fragment ions are relatively small, especially when they 
have to be separated from near-by mass interferences and require higher mass resolution, which 
reduces ion transmission in the 253 Ultra. Therefore, long measurement times are required to 
reach a precision of the order of 0.01 ‰. When this precision is reached, the fragment technique 
can also be useful to evaluate discrepancies introduced in 13C measurements due to the use of 
different algorithms for 17O-correction. 
 
Isotope measurements of atomic ion fragments may have many applications for other 
molecules. A straightforward extension of the application presented here is the mass-
interference-free measurement of 17O+ and 18O+ in other oxygen-containing compounds, for 
example CO, or N2O. Current isotope techniques of these gases rely in many cases on an 
assumed relation of mass dependent fractionation between 17O and 18O , and (e.g. in the case 
of the CO) chemical conversion to CO2 (Pathirana et al., 2015; Brenninkmeijer et al., 1999; 
Bergamaschi et al., 1998). Direct isotope ratio measurements on the O+ fragment can overcome 
these limitations and provide quantification of 17O. Similar to the case of CO2 presented here, 
the 13C+ content of CH4 and CO can be measured directly on the C+ fragment of these gases, 
without chemical conversion steps that are known to cause artifacts in traditional isotope 
techniques (Pathirana et al., 2015; Brenninkmeijer et al., 1999; Lowe et al., 1991; Bergamaschi 
et al., 1998). Furthermore, isotope measurement on atomic fragment ions may be combined 
with measurements of larger fragments of hydrocarbons to determine the position specific 
carbon isotope composition of hydrocarbons (Piasecki et al., 2016).  
 
The position specific 15N+ content of N2O is presently determined by measurement of the parent 
N2O molecule and the NO fragment, which allow to quantify the average 15N value and the 
15N content at the central nitrogen position, and the 15N value of the terminal N atom is derived 
by mass balance, which induces large errors (Brenninkmeijer and Röckmann, 1999; Toyoda 
and Yoshida, 1999). In principle, the 15N+ content of the terminal N atom could be derived 
from the N+ fragment, which originates primarily from the terminal N atom in N2O. Similar to 
the case of O atoms shown here, this requires a very good vacuum system to avoid 
contamination from the main atmospheric gas N2.  
 
In addition to these environmental applications, the analysis of atomic fragment ions of 
different compounds may be a useful tool to study fractionation processes in the ion source of 
an isotope ratio mass spectrometer. As discussed earlier, the scale contractions for isotopic 
measurements are different for the fragment ions and molecular ions of CO2. Examining these 
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effects further may help to understand the chemistry and surface effects in the ion source of 
isotope ratio mass spectrometers by studying different fragments. In addition, analysis of 
fragment ions facilitates measuring the isotopic composition of two different chemical 
compounds versus each other (e.g. 13C in CH4 versus 13C in CO2). This can on the one hand 
provide information on ion source effects associated with fragmentation, but may also help to 
directly compare isotope scales between different compounds.  
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2.6.  Supplementary Material  
 
Effect of emission control current, source pressure, equilibration time and source conductance 
on the scale contraction 
 
In order to characterize the 253 Ultra instrument, we performed an extensive investigation of 
factors that are known to affect the scale contraction in isotope ratio mass spectrometers 
(Verkouteren et al., 2003a; Verkouteren et al., 2003b), in particular the ion source pressure 
(quantified by signal intensity), the filament current and the equilibration time after switching 
the changeover valve. The experimental results are provided in Tables S2.1 - S2.2 and Figures 
S2.5 - S2.7, and discussed below.  The 18O and 13C values obtained from the molecular ion 
measurements are calculated using the algorithm presented in Brand et al. (2010).   
 
When the VISC window is closed, the source pressure of 2.5x10-7 mbar corresponds to an ion 
count rate of 3x1011 cps for m/z 44, which reduces to 8.0 x109 cps when the VISC window is 
fully open (the signal reduces to about 3 %). As shown in Figure S2.5 A and 2.5 B, with the 
VISC window open, the measurement with equilibration time of 10 seconds results in a scale 
contraction of -36 ppm for 13C values and -33 ppm for 18O values compared with 
measurements at 90-seconds equilibration time. The scale contractions are smaller at 20-
seconds equilibration time, and for equilibration times  30 seconds we do not find a significant 
scale contraction compared with measurements with 90-seconds equilibration time for both 

13C and 18O values. When the VISC window is closed, the effect of equilibration time is 
much higher: at an equilibration time of 10 seconds, the scale is contracted by -79 ppm and -
71 ppm for 13C and 18O values, respectively, relative to a measurement at 90-seconds 
equilibration time. Again, the scale contraction reduces with longer equilibration times, but 
only at an equilibration time of  50 seconds; the scale contraction does not change 
significantly any more with longer equilibration times. In general, the cross-contamination 
coefficient is higher for 18O measurements than for 13C measurements as shown in Figure 
S2.5 A and 2.5 B (VISC closed) and 2.5 C and 2.5 D (VISC fully open) for different 
equilibration time, and 2.5 E and 2.5 F for different emission current. 
 
The relative difference between 13C measurements with VISC open and VISC closed 
decreases from 0.110  to 0.066  when the equilibration time increases from 10 seconds 
to 90 seconds (Figure S2.6 A). The corresponding relative difference for 18O measurements 
changes from 0.125  to 0.088  (Figure S2.6 B).   
 
Measurements at a filament emission current of 1.95 mA cause a scale contraction of -21 ppm 
in 13C values and -39 ppm in 18O values relative to measurements at an emission current of 
1 mA (Figures S2.5 C and 2.5 D). At 1.5 mA emission current, the scale contraction relative to 
the measurement at 1 mA emission current is -8 ppm for 13C values while the difference 
between measurements at 1.5 mA and 1 mA emission current is insignificant for 18O values.  
 
The source pressure (quantified using the signal intensity under otherwise constant conditions) 
can also influence the scale contraction. A decrease in the intensity of m/z 44 from 2.5x1011 
cps to 9x1010 cps causes a scale contraction of -39 ppm and -35 ppm for 13C and 18O 
respectively (Figure S2.5 E and 2.5 F).  
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One factor that can be responsible for a scale contraction is that a fraction of the previous gas 
remains in the ion source when the changeover valve is switched. This effect is often called 
cross contamination. To obtain an indication of gas exchange rates when switching between 
different gases, we monitored the pressure drop when the changeover valve was closed. The 
percentage of the gas remaining in the ion source with time depends on the initial source 
pressure or signal intensity (at m/z 44) in the ion source as shown in Figure S2.7. As expected, 
the source is evacuated much more quickly when the VISC window is open. The loss rate of 
CO2 from the ion source can be approximated mathematically by a double exponential function 
(Figure S2.7). The first exponential term is interpreted as a time scale for the pumping of gas 
out of the ion source, while the second exponential may reflect timescales of surface 
interactions in the ion source. At lower source pressure (lower count m/z 44) the absolute 
amount of gas remaining in the source with time is lower than at higher ion source pressure 
(higher count m/z 44). However, the relative amount of the gas in the source with respect to the 
initial source pressure is higher when the ion source pressure is lower which explains partly 
why we have larger scale contraction /memory effect when the ion source pressure, or signal 
intensity, is lower (Figures S2.5 E and 2.5 F). At higher ion source pressure, the relative effect 
of the remaining gas is smaller than at lower source pressure. 
 
As shown in Figures S2.5 C and 2.5 D, when the emission control current increases the absolute 
relative difference in 18O and 13C values between the two gases decreases (scale contraction). 
Verkouteren et al (2003a; 2003b) showed that a higher emission current results in higher 
sputtering and implantation of ions in the source slit material. This causes adsorption and 
desorption of molecules from the surface and to the surface resulting in considerable memory 
effect (cross contamination (Assonov and Brenninkmeijer, 2001) or mixing of reference and 
sample) (Verkouteren et al., 2003a; Verkouteren et al., 2003b). These scale contraction effects 
depend on the material of the source slit and are lowest for a tantalum slit. Although the source 
slit in the 253 Ultra is made from tantalum we still observe a scale contraction at equilibration 
times of 15 second unlike the observation reported by Verkouteren et al (2003a; 2003b). This 
might partly be due to the difference in measurement conditions (source pressure, accelerating 
voltage, emission current, etc.), differences in the source housing and differences in tuning 
parameters between the MAT 253 and 253 Ultra instruments. 
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 Figure S2.1 Relationship between source pressure and signal intensity at m/z 16 (Faraday collector L3, equipped 
with a 1x1010  resistor). The linear range (shaded area) ends at a source pressure of 4.5x10-7 mbar (corresponding 
to a signal intensity of approx. 1.3x109 cps).  
 

 
 
Figure S2.2 Schematic diagram of the O2-CO2 exchange experimental setup. The quartz reactor has an outer 
diameter of 21 mm. PID stands for proportional-integral-derivative temperature controller.  
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Figure S2.3 Schematic diagram of the setup used for conversion of O2 to CO2 by combusting a graphite rod. The 
reactor is made out of quartz with 21 mm outer diameter.  
 

 
 
Figure S2.4 Schematic diagram of the setup used for preparing CO2 with a positive 17O by photolysing a mixture 
of O2 and CO2 with UV light. BR: Borosilicate reactor (2 L), PRL: pen ray Hg vapor lamp, CT: CO2 trap (liquid 
nitrogen temperature), SV: sample vial, WT: water trap (operated at dry ice temperature), PS: pressure sensor, 
HVP: high vacuum pump, FVP: fore vacuum pump.  
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Figure S2.5 13C and 18O values of SCOTT measured against G2. A and B) Effect of equilibration time with 
VISC window closed. C and D) Effect of equilibration time with VISC window fully opened; E and F) Effect of 
filament emission current on the relative difference between the two gases in 13C and 18O values. G and H) 
Effect of amount of gas in the ion source quantified by the signal intensity in cps for m/z 44. The emission current 
experiments are performed at 60-seconds equilibration time and the sensitivity to the amount of gas was 
determined with 30-seconds equilibration time. The VISC window was kept closed. 
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Figure S2.6 Effect of the equilibration time on the 13C (A) and 18O (B) differences between measurement with 
open VISC window(VISCo)  and closed VISC window (VISCc).  
 

 
 
Figure S2.7 Drop in signal intensity for at m/z 44 (corresponding to the source pressure) when the dual inlet valve 
was closed for different initial source pressures. A) decrease of the main ion signal of CO2 as a function of time. 
B) fraction of CO2 remaining as a function of time for the main ion signal of CO2. The emission current and 
accelerating voltage were 1.95 mA and 9.9 kV, respectively.  
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Figure S2.8 Comparison of 17O differences between three different CO2 gases with the fragment technique using 
the 253 Ultra at Utrecht University The red arrows indicate that the respective measured  values are combined 
for comparison with the directly measured third  value.   
 

 
 
Figure S2.9 Comparison of 18O differences between three different CO2 gases using either the molecular CO2 
ion technique (left) or the atom fragment technique (right) with the 253 Ultra at Utrecht University The red arrows 
indicate that the respective measured  values are combined for comparison with the directly measured third  
value.   
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Figure S2.10 Comparison of 13C differences between three different CO2 gases using either the molecular CO2 
ion technique (left) or the atom fragment technique (right) with the 253 Ultra mass spectrometer at Utrecht 
University. The red arrows indicate that the respective measured  values are combined for comparison with the 
directly measured third  value.   
 
Table S2.1 Effect of equilibration time on the absolute isotopic difference of two gases measured on the 253 Ultra 
with VISC window open and closed. The errors given are standard errors of the mean. The  values are in ‰.  
 
Equilibration 
time (s) 

VISC window closed  VISC window open 
 13C values  18O values   13C values  18O values 

10 -36.7184±0.001 -20.1901±0.001 -36.8246±0.001 -20.3126±0.002 
20 -36.7587±0.001 -20.2263±0.002 -36.8492±0.001 -20.3305±0.002 
30 -36.7685±0.001 -20.2324±0.002 -36.8675±0.001 -20.3447±0.002 
40 -36.7758±0.001 -20.2397±0.002 -36.8543±0.001 -20.3399±0.002 
50 -36.7834±0.001 -20.2510±0.001 -36.8597±0.001 -20.3411±0.0022 
60 -36.7858±0.001 -20.2541±0.002 -36.8594±0.001 -20.3406±0.0012 
90 -36.7949±0.001 -20.2592±0.002 -36.8590±0.0012 -20.3450±0.002 

 
Table S2.2 Effect of emission control current and source pressure on the absolute isotopic difference of two gases 
measured on the 253 Ultra (G1 and SCOTT). The errors given are standard errors of the mean. The integration 
time of individual measurements is 61.7 seconds. The effects of source pressure (intensity of m/z 44) are 
determined at an equilibration time of 30 seconds and an emission current of 1.8 mA.    
 
                     Effect of emission current on CO2 isotopic composition 
Equilibration 
time (s) 

Emission control 
current (mA) 

  13C values [‰]  18O values [‰] 

60  1.00 -36.8679±0.0013 -20.3443±0.0023 
60   1.00 -36.8694±0.0013 -20.3351±0.0029 
60 1.00 -36.8668±0.0014 -20.3372±0.0029 
60 1.50 -36.8589±0.0010 -20.3399±0.0019 
60 1.50 -36.8608±0.0011 -20.3340±0.0015 
60 1.50 -36.8596±0.0009 -20.3373±0.0016 
60 1.50 -36.8635±0.0009 -20.3413±0.0018 
60 1.95 -36.8371±0.0011 -20.2943±0.0018 
60 1.95 -36.8389±0.0008 -20.2975±0.0016 
60 1.95 -36.8443±0.0010 -20.3072±0.0016 
              Effect of intensity of m/z 44 on CO2 isotopic composition 
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Equilibration 
time (s) 

m/z 44(cps) 13C values [‰] 18O values [‰] 

30  2.5E+11 -36.712±0.001 -20.184±0.001 
30  1.5E+11 -36.689±0.001 -20.160±0.001 
30  9E+10 -36.675±0.001 -20.150±0.002 

 
Table S2.3 Isotopic composition of CO2 produced by combustion with isotopically light O2 at the University of 
Göttingen. Each CO2 sample is analyzed four times at different intensity to investigate the effect of signal intensity 
on the precision of 17O measurement based on the relationship between source pressure and signal intensity at 
m/z 16.   
 
Experiment 17O values [‰] 18O values [‰]  17O [‰] m/z 16 [cps] 
Measurement in the linear range of signal (m/z 16) vs source pressure  
A3 -26.940±0.037 -50.764±0.038 0.199±0.037 1.12E+09 
B2 -26.465±0.038 -50.005±0.022 0.265±0.039 1.20E+09 
B3 -26.278±0.052 -49.579±0.054 0.219±0.039 1.26E+09 
C2 -26.453±0.040 -49.989±0.014 0.268±0.040 1.15E+09 

Average standard error  ±0.039 1.18E+09 
Measurement outside the linear range, at higher signal intensity than the linear range  
A1 -27.103±0.069 -51.148±0.013 0.244±0.044 1.84E+09 
A2 -27.094±0.03 -51.099±0.014 0.226±0.037 1.73E+09 
B1 -26.676±0.053 -50.222±0.016 0.168±0.054 1.74E+09 
B1 -26.484±0.027 -50.078±0.014 0.286±0.027 1.75E+09 

Average standard error  ±0.041 1.77E+09 
Measurement outside the linear range, at lower signal intensity than the linear range 
A4 -26.977±0.066 -50.848±0.041 0.207±0.067 5.46E+08 
B4 -26.981±0.104 -50.623±0.072 0.077±0.105 3.74E+08 
C3 -26.469±0.067 -50.074±0.030 0.299±0.071 5.76E+08 
C4 -26.0766±0.083 -49.514±0.031 0.390±0.088 3.82E+08 
                                                               Average standard 
error  ±0.083 4.70E+08 
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Table S2.5 List of potentially interfering ions with masses close to 17O+ and 18O+, and the required resolution to 
avoid the interference. The interfering ions are ordered based on the resolving power requirement.  
 
Interfering ion Exact mass [u] Mass difference [mu] Required resolution [m/ m] 
17O+ 16.9991 
16O18O ++ 16.9970 2.1 8118 
16OH+ 17.0027 3.6 4712 
34S++ 16.9839 15.2 1118 
15NH2+ 17.0158 16.6 1023 
14NHD+ 17.0250 25.9 658 
13CH2D+ 17.0331 34.0 501 
13CH4+ 17.0347 35.5 479 
13CD2H+ 17.0360 36.9 461 
12CH3D+ 17.0376 38.4 443 
12CH5+ 17.0391 40.0 426 
18O+           17.9992 
17OH+ 18.0070 7.8 2309 
16OD+ 18.0090 9.9 1827 
16OH2

+ 18.0106 11.4 1579 
36Ar++ 17.9838 15.4 1169 
15NH3

+ 18.0236 24.4 737 
14NH4

+ 18.0344 35.2 512 
14CH4

+ 18.0345 35.4 509 
13CDH3

+ 18.0409 41.8 431 
13CH5

+ 18.0425 43.3 416 
12CD2H2

+ 18.0439 44.7 403 
12CDH4

+ 18.0454 46.2 390 
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Chapter 3 
 

Exploring the use of 17O-excess of CO2 for estimating 
mesophyll conductance of C3 and C4 plants 
 

Abstract 
 
Mesophyll conductance of CO2 (gm) is an important parameter controlling photosynthesis and 
water use efficiency, and vegetation-atmosphere CO2 exchange. Here we demonstrate the 
potential to estimate gm from measurements of 17O of CO2, where 

 quantifies the 17O-excess compared to what is expected from the 18O content of 
CO2 according to mass-dependent isotope fractionation. The main limitation to the use of gm 17 
is the uncertainty in the measurement of the very small signals in 17O in experiments where 
normal atmospheric CO2 is used. The calculations are supported by measurements of 18O and 

17O in leaf cuvette gas exchange measurement with sunflower, ivy, and maize, using normal 
and slightly 17O-enriched CO2. In general, the precision of a gm determination with oxygen 
isotope techniques decreases when the isotopic difference between CO2 in the intercellular 
airspace and at the CO2-H2O oxygen exchange site becomes very small. In leaf cuvette 
experiments this limitation can partially be overcome by using 17O- or 18O-enriched CO2. 17O 
(i.e. gm 17) is in principle less sensitive to the unknown isotope fractionation during 
evapotranspiration of leaf water than 18O (i.e. gm18) because the isotope fractionation 
processes involved are all mass-dependent.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 

 
 
 

                                                
This section is under review as: Adnew G.A., Pons T. L., Koren G., Peters W., and Röckmann T. Exploring the 
use of 17O-excess of CO2 for estimating mesophyll conductance of C3 and C4 plants, under review in Plant 
Physiology Journal, 2020. 
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3.1. Introduction 
 
During photosynthesis CO2 diffuses from the air surrounding the leaf through the leaf boundary 
layer and stomata to the intercellular airspace and from there to the carboxylation site (Figure 
3.1). 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; Evans et al., 2009; Gillon and 
Yakir, 2000b). For C4 plants, the carbon fixation step already occurs in the mesophyll, by the 
enzyme Phosphoenolpyruvate carboxylase (PEPC) (von Caemmerer et al., 2014) (Figure 3.1).                         
 
Estimating mesophyll conductance (gm) and understanding its variability in response to 
environmental change is essential to improve the scientific understanding of water use 
efficiency (Flexas et al., 2013; Peters et al., 2018) and plant-atmosphere CO2 exchange and 
gross primary productivity (GPP) of terrestrial plants (Knauer et al., 2019a; Koren et al., 2019) 
across a range of spatial and temporal scales. gm cannot be measured directly and its indirect 
determination is challenging (Pons et al., 2009). Several techniques are used to estimate gm 
indirectly, including the variable J method (Fabre et al., 2007; Flexas et al., 2007), the leaf 
anatomical method (Tomás et al., 2013), the curve-fitting method (Ubierna et al., 2007), the 
13C-photosynthetic discrimination ( A13C) method (Evans et.al., 1986) and the 18O-
photosynthetic discrimination ( A18O) method (Gillon and Yakir, 2000b; Barbour et al., 2016). 
Details on these gm measurement techniques can be found in (Pons et al., 2009; Cousins et al., 
2020) and references therein.  
 
Among the isotope discrimination techniques, A13C can only be applied to estimate mesophyll 
conductance (gm13) of C3 plants, whereas A18O 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 might not be the same because the carbon and oxygen isotopes are modified by different 
processes. The fractionation against 13C occurs primarily during the assimilation step in the 
chloroplast. In C3 plants, gm13 is therefore the conductance from the intercellular air space to 
the site of carboxylation (Cousins et al., 2020). In contrast, there is no or little enzymatic 
fractionation associated with assimilation of 12C17O16O and 12C18O16O, 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 between CO2 and H2O involves 
interconversion with bicarbonate and is catalyzed by carbonic anhydrase (CA) (Gillon and 
Yakir, 2001). In C3 plants, CA is found in the chloroplast, cytosol, mitochondria, and the 
plasma membrane (Fabre et al., 2007; DiMario et al., 2016), and the CO2-H2O exchange can 
occur anywhere between the plasma membrane and chloroplast. For C4 plants, CA is mainly 
found in the cytosol where CO2-H2O exchange occurs (Badger and Price, 1994). gm18 is thus 
the conductance of CO2 as it diffuses from the intercellular air space to the site of CO2-H2O 
exchange for both C3 and C4 plants (Gillon and Yakir, 2000b, a; 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 gm18 using oxygen isotopes because a 
considerable and strong oxygen isotope variation can develop within the leaf due to the 
discrimination associated with evaporation, transport, and diffusion of H2O (Gan et al., 2002; 
Song et al., 2015; Cernusak et al., 2016). Recently, Holloway-Phillips et al. (2019) explored 
the consistency in the calculated gm18 using 18O-enriched CO2 and 18O-enriched water vapor 
entering the cuvette and provided guidelines to minimize the sensitivity of gm18 estimates to 
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measurement errors. gm18 estimates are relatively more precise when the difference in 18O of 
the CO2 between the intercellular air space and CO2-H2O exchange site is large (Holloway-
Phillips et al., 2019). A higher 18O difference can be achieved by manipulating the 18O of 
the CO2, the water vapor entering the leaf cuvette and/or the irrigation water (Holloway-
Phillips et al., 2019).   
 
Oxygen has two heavy isotopes 17O and 18O, with a respective natural abundance of 0.038 % 
and 0.2 %. Since most isotope fractionations depend on mass, the variations in 17O and 18O 
are closely related as:  
 

 
(3.1) 

 
where nR=nO/16O, where n is 17 or 18. The mass dependent isotope fractionation equation 3.1 
can be written in  notation as:  
 

 (3.2) 

 
 (3.3) 

 
where nO= (nRsample- nRreference)/Rreference and  varies from 0.5 to 0.5305 for different mass-
dependent isotope fractionation processes (Thiemens, 1999). Deviations from equation 3.3 are 
quantified as 17O-excess, 17O, and in this study we used the linearized definition for 17O.    

 
 (3.4) 

 
Note that the  symbol is also commonly used for isotopic discrimination in biological 
processes, but we use it here to quantify 17O-excess. The choice of  is arbitrary, in this study 
we use  = 0.528, the value associated with meteoric water (Luz and Barkan, 2010; Meijer and 
Li, 1998). For discrimination associated with assimilation we used A (equation 3.11).  
 
Our objective was to investigate whether 17O can be used for the estimation of gm. We 
hypothesized that 17O is less sensitive to the isotope fractionation due to evapotranspiration 
of leaf water compared to 18O because the processes involved follow mass-dependent isotope 
fractionation (Hoag et al., 2005). We performed gas exchange measurements for the estimation 
of gm18 and gm 17 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 CO2-H2O exchange 
site and the leaf surrounding, respectively). The data were previously used to estimate the effect 
of photosynthetic gas exchange on the 17O of atmospheric CO2 (Adnew et al., 2020). To 
quantify the sensitivity of the gm18 and gm 17 estimates to various parameters, we used Monte 
Carlo simulations and a leaf cuvette model (Adnew et al., 2020). The leaf cuvette model and 
analytical equations of gas exchange (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 similar to Holloway-Phillips et al. (2019).  
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3.2. Theory   
 
gm 17 (mol m-2s-1bar-1) can be derived from measurements of 17O using equation 3.9 under the 
assumption that the degree of equilibration between CO2 and H2O is 100 % and that the oxygen 
isotopic composition of leaf water at the CO2-H2O exchange site is the same as at the 
evaporation site (Farquhar et al., 1993; Barbour et al., 2016; Holloway-Phillips et al., 2019). 
 

 (3.5) 

 
An ( mol m-2s-1) is the assimilation rate, P (bar) is the total atmospheric pressure, ci ( mol mol-

1) is the CO2 mole fraction in the intercellular air space. cm, 17 is the mole fraction at the CO2-
H2O exchange site, calculated using 17O measurements as: 
 

 
(3.6) 

 
where 17Oi and 17Om are the 17O-excess of CO2 in the intercellular air space and at the CO2-
H2O exchange site, respectively.  is the 17O-excess of the discriminations against 
12C17O16O and 12C18O16O during diffusion and dissolution in water.  
 

 (3.7) 

 
 is the fractionation factor for 12C18O16O during diffusion and dissolution in water, 

is the associated discrimination (Farquhar and Cernusak, 2012).  and 
 are the corresponding values for 12C17O16O.  is a modified definition of 17O of 

the assimilated CO2 where the individual  values are multiplied by  and , 
respectively.  
 

 (3.8) 

 
Substituting equation 3.6 for cm, 17 in equation 3.5 and rearranging terms, gm 17 can be 
expressed as: 

 
(3.9) 

The detailed derivation of equation 3.9 is provided in the supplementary material.  
 
In addition to estimating gm using the oxygen isotope composition, we also calculated gm using 

13C of CO2 (gm13). The derivation and explanation for determining gm13 is provided in Evans 
et al. (1986). More detailed information on A18O can be found in (Gillon and Yakir, 2000b, a; 
Barbour et al., 2016; Holloway-Phillips et al., 2019) (see Table S3.1 for equations and list of 
variables and detailed derivations in the supplementary material).  
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To estimate the precision with which gm18 and gm 17 can be derived from measurements in gas 
exchange experiments, we used Monte Carlo simulations of gm similar to Holloway-Phillips et 
al. (2019). Using a leaf cuvette model (Adnew 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 airspace 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, including realistic 
measurement error estimates based on experiments and uncertainties in assumptions, to 
calculate the apparent discrimination and the oxygen isotope composition of the assimilated 
CO2 (Evans et al., 1986; Barbour et al., 2016), and their uncertainties: 
 

 
(3.10) 

 

 
(3.11) 

 
, ce and ca are the mole fractions of CO2 entering and leaving the cuvette 

respectively. Details of the model setup are provided in the supplementary material. 
 

3.3. Results 
 

3.3.1. CO2 gradient, and discrimination against 18O during assimilation  

 
The CO2 mole fraction successively decreased from the cuvette air (set to about 400 μmol mol-

1 by adjusting the airflow with 500 mol mol-1 of CO2) to the site of carboxylation during 
photosynthetic activity (Table 3.1, Figure 3.1).  
 
Table 3.1: Summary of gas exchange parameters determined in experiments with sunflower, ivy and maize. The 
mole fraction of CO2 at the H2O-CO2 exchange site (cm) 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 (1 ). PFD is a photon flux density of photosynthetically active radiation.  
 

Parameter unit PFD ( mol m-2 s-1) Sunflower Ivy Maize 
 
An 

mol m-2s-1 300  18 (0.7)  12 (0.8)  17 (2)  
1200 26 (6)  15 (2)  32 (2)  

 
gs mol m-2s-1 300 0.45 (0.14)  0.11 (0.02)  0.08 (0.01)  

1200 0.35 (0.01)  0.15 (0.03)  0.16 (0.02)  

 gm18 mol m-2s-1bar-1 300 0.50 (0.15) 0.20 (0.05) 0.30 (0.07) 
1200 0.46 (0.13) 0.17 (0.03) 0.31 (0.02) 

 
gm 17 

 
mol m-2s-1bar-1 
 

300 (Normal CO2) 0.32 
(single) 0.27 (0.15) 0.38 (0.19)  

300 (17O-enriched CO2) 0.32 (0.08) 0.13 (0.04) 0.20 (0.07) 
300 (both Normal and 
17O-enriched CO2) 

0.32 (0.06) 0.20 (0.12) 0.29 (0.16) 

1200 (Normal CO2) 0.47 (0.11) 0.18 (0.05) 0.31 (0.19) 
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1200 (17O-enriched 
CO2) 0.27 (0.04) 0.15 (0.01) 0.20 (0.03) 

1200 (both Normal and 
17O-enriched CO2) 0.39 (0.14) 0.16 (0.03) 0.31 (0.16) 

gm13 mol m-2s-1bar-1 300 0.23 (0.05) 0.13 (0.04)  - 
1200 0.25 (0.08) 0.11 (0.02) - 

ca mol mol-1  all 402 (3) 403 (3) 403 (3) 

ci mol mol-1  300  377 (8) 284 (12) 194 (20) 
1200  319 (12) 301 (13) 194 (15) 

cc  mol mol-1  300 277 (15)  188 (30) - 
1200 208 (39) 163 (21) - 

cm, 17 mol mol-1  

300 (both Normal and 
17O-enriched CO2) 300 (6)  207 (36)  120 (41)  

1200 (both Normal and 
17O-enriched CO2) 241 (37) 207 (12) 71 (46) 

cm, 18 mol mol-1  

300 (both Normal and 
17O-enriched CO2) 319 (10)  219 (10)  134 (15)  

1200 (both Normal and 
17O-enriched CO2) 256 (26) 213 (12) 89 (17) 

 
For sunflower, typical values for highlight (hereafter HL) calculated from the gas exchange 
experiments are: cuvette air: ca = 402 mol mol-1; intercellular air space: ci = 319 mol mol-1; 
CO2-H2O exchange site: cm, 17 = 241 mol mol-1 and chloroplast: cc = 208 mol mol-1. The 
average fraction of CO2 entering the leaf that is actually assimilated, calculated as (ca-cc)/ca, is 
only 50 % and 60 % for sunflower and ivy, respectively. For maize, the CO2 gradient was even 
stronger, as expected for a C4 plant (Figure 3.1, Table 3.1).  
 

 
 
Figure 3.1 A schematic representation of the resistance path to diffusion of CO2 in C3 (sunflower and ivy) and C4 
(Maize) leaves. The values of the CO2 mole fraction for the corresponding compartments and the conductance are 
typical values for the high light experiments in this study, where c is the mole fraction of CO2 in mol mol-1 and 
the subscript a, i, m and c stand for leaf surrounding, intercellular air space, CO2-H2O exchange site and 
chloroplast, respectively. Typical assimilation rates are also indicated.   
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Figure 3.2a shows discrimination against 18O associated with assimilation ( A18O) for 
sunflower, ivy, and maize as a function of the cm/ca ratio. A18O varied with cm/ca, in agreement 
with previous studies (Gillon and Yakir, 2000b; Barbour et al., 2016). For sunflower, we 
observe A18O values between 29 ‰ and 64 ‰ for cm/ca between 0.54 and 0.86. Ivy showed 
relatively little variation of A18O around a mean of 22 ‰ for cm/ca between 0.48 and 0.58. For 
maize, A18O was lower than for the C3 plants measured in this study, with values between 10 
‰ and 20 ‰ for cm/ca between 0.15 and 0.37. Figure 3.2b, shows a comparison between 
observed discrimination against 18O with the Farquhar model (Farquhar et al., 1993) for 
sunflower, ivy,  and maize. The discrimination calculated with the Farquhar model agrees well 
(root mean square error of 0.93 ‰ and r2 of 0.9998, sample size=33) with the observed 
discrimination with a slight underestimation at a higher cm/ca ratio. 
 

 
 

Figure 3.2 A) A18Oobs during photosynthesis for two C3 plants, sunflower and ivy and the C4 plant maize as a 
function of cm/ca for low light (LL) and high light (HL) experiments, adopted from Adnew et al. (2020). B) 
comparison of the observed A18O with the Farquhar model (FM) (see table S3.1 in the supplementary material 
as a function of cm/ca). 

 

3.3.2. Mesophyll conductance  

 
The results presented in Table 3.1 and Figure 3.3 show that gm 17 and gm18 agree within the 
errors, but gm 17 values are systematically lower than gm18 (Figure S3.1, Table 3.1). Figure 3.3 
shows the gm18 and gm 17 and results of the individual experiments, as a function of 18Oi- 18Om 
and 17Oi- 17Om, respectively. For sunflower, at low light (hereafter LL), gm18 = 0.50 mol m-

2s-1bar-1 and gm 17 = 0.32 mol m-2s-1bar-1 (average for both normal and 17O-enriched CO2) 
(Table 3.1, Figure 3.3). At HL, gm18 is slightly decreased to 0.46 mol m-2s-1bar-1 while gm 17 
increases to 0.39 m-2s-1bar-1 (average for both normal and 17O-enriched CO2) (Table 3.1). 
Equation 3.9 suggests that gm 17 values can become very high when 17O in the intercellular 
space and in the mesophyll are very similar. This may lead to large errors in gm 17 if the 
difference 17Oi- 17Om is of the order of the measurement precision (0.01 ‰). For the gm 17 
estimate, the experiments are categorized into four groups (HL-17O-enriched CO2, HL-Normal 
CO2, LL-17O-enriched CO2 and LL-Normal CO2). The uncertainty in the gm estimate using 
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17O increases when17O-enriched CO2 is used that result in a higher | 17Oi- 17Om|. For 
instance, for sunflower at LL, gm 17 was 0.47 ± 0.11 mol m-2s-1bar-1 and 0.32 ± 0.08 mol m-2s-

1bar-1 (Table 3.1, Figure 3.3) for the 17O of CO2 entering the cuvette ( 17Oe) of -0.333 ‰ and 
0.223 ‰, respectively (see material and method). Similar to the sunflower, gm 17 estimates for 
ivy and maize are lower when 17O-enriched CO2 is used relative to normal CO2 at all light 
conditions (Table 3.1, Figure 3.3). As shown in Table 3.1, the standard deviation between leaf 
replicates in the gm 17 estimate decreased when isotopically enriched CO2 was used in the 
experiments. The same is true for gm18 when the 18O value of the intercellular space and in the 
mesophyll are very similar as predicted from equation S3.2. For sunflower, the conductance 
from the intercellular airspace to the site of equilibration, (gm18 and gm 17), was about 1.8 to 2 
times higher than the conductance to the site of carboxylation (gm13). For ivy, the gm18 /gm13 
ratio was about 1.5.  
 
We evaluated the sensitivity of gm 17 on the 17O of CO2 entering the cuvette ( 17Oe) at 0.2 ‰, 
1 ‰, 5 ‰, 10 ‰, which resulted in 17Oi- 17Om differences of 0.3 ‰, 0.5 ‰, 1.6 ‰, and 3 
‰, respectively (Figure 3.5).  
 
The relative error in gm 17 due to measurement error increases when the | 17Oi- 17Om| 
decreases, similar to gm18 estimates for a similar gas exchange parameter (Holloway-Phillips et 
al., 2019). When | 17Oi- 17Om| is close to the values used in the experiments with normal CO2, 
the errors in gm are very large (75 %, standard deviation). Also, for | 17Oi- 17Om| = 0.5 ‰, 
typical errors are still 50 %. Table 3.1 and Figure 3.4 shows that errors in the gm 17 method can 
be strongly limited when CO2 with a higher 17O value is used in the experiments, the scatter 
in gm 17 is larger at lower | 17Oi- 17Om|. 
 
 

 
 
Figure 3.3 gm 17 and gm18 estimates for sunflower, ivy, and maize at low light (solid) and high light (open).  
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Figure 3.4 Probability distribution of the error in gm 17 [relative error= (simulated gm 17 -assigned gm 17)/ assigned 
gm 17] due to measurement error in the 17O measurements of CO2 and water vapor for four different values of 

17Oi - 17Om, for an “assigned” value of gm 17 = 0.5 mol m-2s-1 bar-1. The analysis is performed with a Monte 
Carlo approach using simulated gas exchange parameters from the leaf cuvette model. We assigned measurement 
errors of 0.03 ‰ and 0.016 ‰, respectively, to the 17O and 18O of CO2 in the different compartments (1 sigma 
standard deviation of the mean). For the water isotopes, the error is assumed to be 0.1 ‰ and 0.05 ‰ for 17O 
and 18O, respectively. 
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Figure 3.5 gm estimates using 18O measurement (A) and 17O measurement (B) for sunflower (SF), ivy (IV) and 
maize (MZ) as a function of the difference in the oxygen isotope composition between the intercellular air space 
and the CO2-H2O exchange site for Normal and 17O-enriched CO2.   
 
3.3.2.1.  Influence of uncertainty in water isotopic composition on gm 

 
There is a large variation in the oxygen isotope composition of water within a leaf and the 
isotopic composition at the site where CO2-H2O exchange takes place is not well known. This 
causes an uncertainty in the estimate of the oxygen isotope composition of the CO2 in 
equilibrium with the leaf water. This will result in an error on the oxygen isotope composition 
of the assimilated CO2 (Farquhar et al., 1989b) which in turn causes a bias in the oxygen isotope 
composition of CO2 in the intercellular air space, and thus gm (equation 3.9  for 17O). We 
compared the effect of a potential bias in the oxygen isotope composition of water at the CO2-
H2O exchange site of 4.3 ‰ (Song et al., 2015) on gm18, and how this error caused by 
evapotranspiration would translate to gm 17. The corresponding bias in 17O of the leaf water 
at the CO2-H2O exchange site is 0.052 ‰ calculated using trans=0.516 (Landais et al., 2006), 
for air humidity surrounding the leaf of 76 %, a typical value in the experiments carried out in 
this study. Figure 3.6 shows that the error in the gm18 and gm 17 estimates are lower when | 18Oi 

- 18Om| and | 17Oi- 17Om| are larger, respectively which is independent on the assigned gm 
value (Figure 3.6 and Table 3.2). 
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Figure 3.6 Sensitivity analysis showing the relative error (relative error= (simulated value-assigned value)/ 
assigned value) in the simulated gm associated with underestimation of 18O isotope composition of leaf water at 
the CO2-H2O exchange site by 4.3 ‰.  
 
Table 3.2 shows the required 17Oe and 18Oe of the CO2 entering the cuvette to have a gm 
estimated error less than 25 % when there is an underestimation of the 18O value of leaf water 
at the CO2-H2O exchange site by 4.3 ‰. 17Oe and 18Oe are different for different gm values 
to get a similar precision.  For instance, for a gm value of 2 mol m-2s-1bar-1 it requires a higher 
| 17Oe | value compared to a gm value of 0.5 mol m-2s-1bar-1 (Table 3.2). The same is true for 
gm18 estimates. However, the precision of mesophyll conductance estimates as a function of 

17Oi- 17Om is independent of the gm value (Table 3.2). 
 
Table 3.2: The required 17Oe (or 17Oi- 17Om difference) and 18Oe ( 18Oi- 18Om difference) to have an error 
less 25 % in the gm estimate when there is a 4.3 ‰ bias on the 18O of water at the CO2-H2O exchange site, for 

18O and 17O of leaf water 10 ‰ and -0.28 ‰, respectively. The 18O and 17O of CO2 at the exchange site is 
42 ‰ and -0.33 ‰, respectively.  
 

gm[mol m-2s-1bar-1] 17Oe - 17Om  17Oi- 17Om  18Oe- 18Om  18Oi- 18Om  

0.5 < -1.87 < -0.4 < -48 < -17 
> 0.93 > 0.4 > 74 > 17 

2 < -6 < -0.5 < -207 < -17 
> 5.43 > 0.5 > 234 > 18 
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3.4. Discussion  
 
Regarding gm18, our estimates for sunflower are in good agreement with values from Shrestha 
et al. (2019). The mesophyll conductance to the site of CO2-H2O exchange that we found for 
maize,  gm18 = 0.31mol m-2 s-1 bar-1 is within the wide range of 0.169 to 0.9 mol m-2s-1bar-1 
reported by (Ubierna et al., 2007; Kolbe and Cousins, 2018; Ubierna et al., 2018a). However, 
Barbour et al. (2016) and Gillon and Yakir (2000b) , 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 between different studies might be due to: 1) difference in 18O of the CO2 
between the intercellular air space and the CO2-H2O exchange site. According to the leaf 
cuvette model and Monte Carlo simulation of this study, high values of gm can be produced 
(erroneously) when | 18Oi- 18Om| is very small, a similar result is reported by (Holloway-
Phillips et al., 2019). 2) different experimental and growing conditions such as temperature, 
PFD, CO2 mixing ratio, and other environmental conditions (Ubierna et al., 2007; Kolbe and 
Cousins, 2018; Ubierna et al., 2018a; Evans and von Caemmerer, 2013).   
 
The Monte Carlo calculations demonstrate that measurement precision is a limiting factor for 
determining gm 17 values (Figure 3.5). This effect likely contributes to our experimental results 
where we observe more scatter (i.e. a higher standard deviation) for gm18 and gm 17 estimates at 
lower | 18Oi- 18Om | and | 17Om- 17Oi|, respectively (Figure 3.4, Table 3.1). Based on the leaf 
cuvette model and Monte Carlo simulations, the uncertainty in estimates of gm 17 increases 
when | 17Oi- 17Om| values decrease (Table 3.1and Figure 3.5). For example, at 17Oi- 17Om = 
3 ‰, gm 17 can be estimated with an error of less than 10 % (Figure 3.5). Bias in the estimate 
of mesophyll conductance introduced by uncertainty in the 18O and 17O of leaf water at the 
CO2-H2O exchange site depends on the | 18Oi- 18Om| and | 17Oi- 17Om| for gm18 and gm 17 
estimates, respectively (Figure 3.5). The higher the relative difference in 17O of CO2 between 
the intercellular air space and the CO2-H2O exchange site, the more precise is the gm estimate. 
When normal CO2 is used, | 17Oi- 17Om| is small and the scatter of gm 17 estimates between 
individual replicates increased strongly, but when 17O-enriched CO2 was used the gm 17 
estimates between leaf replicates were much more consistent (Table 3.1). 
 
Our model calculations highlight a potentially important source of uncertainty in the 
determination of gm values between different studies, namely large errors in the derived gm 
values when the difference between the isotopic composition of CO2 in the intercellular air 
space and the CO2 in equilibrium with leaf water (| 18Oi - 18Om| or | 17Oi- 17Om|) is small. 
Small differences can occur in an experiment when the isotopic composition of CO2 is 
accidentally close to the one in equilibrium with the leaf water, and this should be avoided. 
Such an overestimation was shown in (Holloway-Phillips et al., 2019) for Vicia faba when the 

A18O was close to zero. A18O is close to zero when the 18O of CO2 entering the leaf is close 
to 18O of the CO2 at the CO2-H2O exchange site. Thus, smaller differences in | 18Oi- 18Om| 
may cause an overestimation in gm18 estimates especially when the difference is of the order of 
the measurement precision. There is important feedback between gm and | 18Oi- 18Om| or 
| 17Oi- 17Om|: when gm increases, CO2 exchange between mesophyll and intercellular airspace 
becomes faster, which decreases | 18Oi- 18Om| or | 17Oi- 17Om|. As such, estimates of gm using 
the oxygen isotope techniques will have larger errors for plants with higher mesophyll 
conductance. This can be compensated to some degree by choosing CO2 with an oxygen 
isotopic composition that is very depleted or enriched compared to the CO2 at the CO2-H2O 
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exchange site. The dependence of the error in gm on | 18Oi- 18Om| or | 17Oi- 17Om| complicates 
comparison of gm estimates from different studies. 
 
Estimates of gm18 can be more or less reliably compared to gm 17 depending on | 18Oi- 18Om|and 
| 17Oi- 17Om|, respectively. | 18Oi- 18Om| and | 17Oi- 17Om| are dependent on the 18O oxygen 
isotope composition and 17O-excess of the CO2 gas used for the experiment and the leaf water 
at the CO2-H2O exchange site, respectively. As shown in Table 3.2, the manipulation required 
in the 17O of the CO2 to have a certain precision is smaller than for gm estimate using 18O 
and at higher gm it requires higher manipulation in the 17O of the CO2 entering the leaf cuvette.  

The ratio gm18/gm13 was higher for sunflower than for ivy (2 vs 1.5), a similar behavior reported 
in previous studies for other C3 plant species (Gillon and Yakir, 2000b; Barbour et al., 2016; 
Holloway-Phillips et al., 2019). This suggests for the two C3 plants (sunflower and ivy), that 
site of carboxylation is different from the CO2-H2O exchange site. In this study, some of the 
uncertainty in the gm18/gm13 might arise due to the part of the photo-respired CO2 flux diffuses 
out of the leaf via the cytosol, passing through gaps between the chloroplasts rather than 
through them (Holloway-Phillips et al., 2019; Ubierna et al., 2019) since the measurements 
were carried out under 21 % (v/v) of oxygen. 

One of the limitations of estimating gm using 18O isotope composition is the uncertainty in the 
18O value of water at the CO2-H2O exchange site. Using 17O-excess 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 gm18 estimate as shown in Table 3.1. 
  

3.5. Conclusions  
 
The possibility of using 17O to estimate gm in a gas exchange measurement from 17O 
measurement of the CO2 entering and leaving a leaf cuvette, and bulk leaf water is 
demonstrated in this study. Based on the model developed by Farquhar and co-workers for 

18O (Farquhar and Cernusak, 2012), we derived the mathematical formalism for calculating 
gm from 17O value of CO2 and leaf water during a gas exchange experiment. We measured 
for the first-time mesophyll conductance using 17O and the values corroborate the results 
obtained from gm18. Changing the PFD from LL to HL did not cause a significant change in the 
mesophyll conductance in our experiments. Our results confirm previous findings that gm18 is 
higher than gm13, demonstrating that oxygen isotope equilibration between CO2 and H2O is 
achieved before the CO2 reaches the site of carboxylation for sunflower and ivy.  
 
An important parameter in the determination of gm by oxygen isotopes is the difference 
between the oxygen isotopic composition of CO2 in the intercellular air space and the CO2-
H2O exchange site. When | 17Oi - 17Om| is very similar to the measurement error, errors in 
the gm determination become very large. The sensitivity of both oxygen isotope techniques can 
be enhanced by using H2O and/or CO2 with large differences in 18O and 17O between the 
intercellular air space and the CO2-H2O exchange site, respectively. Although the uncertainty 
in the 17O of water at the exchange site is much lower than for 18O, the signal is also much 
lower and the measurement uncertainty for 17O becomes a limiting factor. gm 17 estimates are 
not necessarily better than gm18 estimates, the precision of gm 17 and gm18 estimates depend on 
the | 17Oi - 17Om| and | 18Oi- 18Om| differences respectively. When sufficiently higher 17O-
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enriched CO2 is used, gm 17 estimates are more precise than gm18 since leaf water isotope 
fractionations due to evapotranspiration has a minor effect on the 17O. 
 

3.6. Materials and methods  
 

3.6.1. Plant material and growing conditions  

 

Plant growth and experimental conditions have been described in detail in (Adnew et al., 2020) 
and are briefly summarized here. Plants were grown in a controlled environment growth room 
at air temperature 20oC, relative humidity 70 %, PFD 300 mol m-2 s-1 and a photoperiod of 
16 hrs. A dwarf variety of sunflower (Helianthus annuus L. cv “sunny”), an herbaceous C3 
species with the highest cm/ca ratio, 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 weeks of growth. Later 
appearing leaves above were removed to avoid shading of the target leaves. For Ivy (Hedera 
hybernica L.), a woody C3 species with an intermediate cm/ca ratio, established juvenile plants 
were used. They were grown in 6L 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 (Zea 
mays L. cv “saccharate”), an herbaceous C4 species with the lowest cm/ca ratio, was grown from 
seed in 1.6L pots. After at least 7 weeks, 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. 

3.6.2. Gas exchange experiments  

 
Gas exchange experiments were performed in an open system with a leaf cuvette that had a 
window of 7 x 7 cm (Adnew et al., 2020). The air temperature was kept at 20 oC A fan inside 
mixed the air thoroughly and kept boundary layer conductance high (19 mol m-2 s-1). Leaf 
temperature was measured with a K type thermocouple. Experiments were performed at two 
PFD’s, the growth PFD of 300 mol m-2 s-1 (LL) and a higher PFD closer to light saturation of 
1200 mol m-2 s-1 (HL). 
 
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 mol mol-1. Airflow through the cuvette was 
adjusted to result in a mole fraction in outgoing air of 400 mol mol-1. The large drawdown of 
100 mol mol-1 was necessary to produce a sufficiently large isotope signal. The air was 
humidified and kept at a specified dewpoint by leading it through a temperature-controlled 
column. H2O partial pressure was adjusted to the transpiration rate of the leaf, which kept the 
VPD in the cuvette within boundaries (0.4 to 1 kPa). 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., Nebraska, USA). The mole fraction and isotopic composition of water 
vapor were measured with a triple water vapor isotope analyzer (WVIA, model 911-0034, Los 
Gatos Research, USA).  
 
Two types of CO2 were used, “normal” CO2 (Air Products, Germany) and 17O-enriched CO2. 
The latter was prepared by photolyzing the mixture of CO2 and O2 with UV (Adnew et al., 
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2019). The 18O of the CO2 entering the cuvette was 30.485 ‰. The 13C of the CO2 ranged 
from -10.23 ‰ to -3.27 ‰. For “normal CO2”, 17Oe = -0.333 ‰ for all experiments and plant 
types. Enriched CO2 had 17Oe = 0.22 ‰ for the experiments with sunflower and maize and 

17Oe = 0.34 ‰ for ivy. 
 
Measurements started after the leaf had reached steady state in terms of the rates of CO2 uptake 
and transpiration, and the D and 18O of water vapor leaving the cuvette. Gas exchange 
variables were recorded and subsequently the air was collected in three 2L glass flask after 
passing through a Mg(ClO4)2 dryer. Leaf area was measured with a LI-3100C area meter (Li-
COR, Inc. USA) and the leaf was placed in a closed glass vial and kept in a freezer at -20 oC 
until leaf water extraction. Leaf water was extracted by cryogenic vacuum distillation for 4 h 
at 60 oC following a well-established procedure (Landais et al., 2006). The 17O and 18O of 
leaf water was determined at the Laboratoire des Sciences du Climat et de l’Environnement 
using a fluorination technique.   
 

3.6.3. Carbon dioxide extraction and isotope analysis 

 
CO2 was extracted from the air samples cryogenically in a system made from electropolished 
stainless steel. Our system used four commercial traps (MassTech, Bremen, Germany). The 
first two traps were operated at dry ice temperature (-78 oC) to remove moisture and some 
organics. The other two traps were operated at liquid nitrogen temperature (-196 oC) to trap 
CO2. The extracted CO2 was first measured for 13C and 18O with a DeltaPlusXL isotope ratio 
mass spectrometer (IRMS) (Thermo Finnigan, Germany) in dual inlet mode. After the isotope 
measurement, the remaining gas in the bellow of the IRMS is frozen back into the break seal 
tube for the measurement of 17O. The 17O of CO2 is determined using the CO2-O2 exchange 
method (Adnew et al., 2019; Barkan et al., 2015). A detailed description of the CO2-O2 

exchange system at Utrecht University is given in (Adnew et al., 2019). Equal amounts of CO2 

and O2 are mixed in a quartz reactor containing a platinum sponge catalyst at the bottom and 
heated at 750 oC for 2hrs. After isotope equilibration, the CO2 is trapped at liquid nitrogen 
temperature, while the O2 is collected with 1 pellet of 5Å molecular sieve (1.6 mm, Sigma 
Aldrich, USA) at liquid nitrogen temperature. The isotopic composition of the isotopically 
equilibrated O2 is measured with a DeltaPlusXL isotope ratio mass spectrometer in dual inlet 
mode with reference to a pure O2 working gas that has been assigned values of 17O = 9.254 
‰ and 18O =18.542 ‰ by measurements of multiple aliquots by E. Barkan at the Hebrew 
University of Jerusalem.  
 

3.6.4. Monte Carlo simulation and leaf cuvette model 

 
In our simple leaf cuvette model, the leaf is partitioned into three different reservoirs: the 
intercellular air space, the mesophyll cell and the chloroplast (Adnew et al., 2020). For this 
model we assumed an infinity boundary layer conductance. In the leaf model, we used a 100 
ppm downdraw of CO2 similar to the photosynthesis experiments. The assimilation rate is set 
to 20.0 μmol m-2s-1. The leaf area and flowrate of air are assumed to be 30 cm2 and 0.7 L min-

1, respectively. The isotope composition of leaf water at the site where the H2O-CO2 exchange 
occurs is 5.39 ‰ and 10.648 ‰ in 17O and 18O, respectively which is the mean value of 17O 
and 18O value of bulk leaf water measured for sunflower, ivy and maize. The 18O of the CO2 
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entering the cuvette is 30.47 ‰, similar to the 18O value of the CO2 used in the experiments 
(normal CO2 experiments). The detailed explanation of the leaf cuvette model is reported 
elsewhere (Adnew et al., 2020) and the model can be found at  
https://git.wur.nl/leaf_model/D17O.  
 
To investigate the dependency of gm estimates on the measurement error at different values 

17Oi- 17Om, we first calculated an isotopic steady state (i.e. mole fractions and  values in 
each of the compartments) for a leaf cuvette experiment using the leaf cuvette model described 
above. 17O of CO2 entering the cuvette ( 17Oe) was set to 0.2 ‰, 1 ‰, 5 ‰, 10 ‰, which 
resulted in 17Oi- 17Om differences of -0.3 ‰, -0.5 ‰, -1.6 ‰ and -3 ‰, respectively (Figure 
3.5) to evaluate the sensitivity of gm 17 on the measurement error depending on 17Oi- 17Om 
differences.  
 
After having calculated the isotopic equilibrium state for the different assumptions, we 
assigned realistic measurement errors of 0.03 ‰ and 0.016 ‰, respectively, to the 17O and 

18O of CO2 in the different compartments (1 sigma standard deviation of the mean).  For the 
water isotopes, the error is assumed to be 0.1 ‰ and 0.05 ‰ for 17O and 18O respectively. 
The errors we used for 17O is propagated from the error of 17O and 18O measurement errors. 
For instance, the 17O error propagated from 17O and 18O of CO2 is 0.031 ‰, our 
measurement precision for 17O is better than 0.01 ‰. We then performed a Monte Carlo 
simulation by sampling 17O and 18O values with realistic error distributions 100,000 times 
and calculated the resulting gm according to equation 3.9. These calculations are similar to the 
ones performed by (Holloway-Phillips et al., 2019) for 18O.  
 

Acknowledgments  
 
This work was funded by the EU ERC project ASICA. The authors thank Leonard I. Wassenaar 
and Stefan Terzer-Wassmuth from the International Atomic and Energy Agency, Vienna for 
supplying water standards. The authors thank Eugeni Barkan and Rolf Vieten from the Hebrew 
University of Jerusalem for calibration of our O2 and CO2 working gases. We are grateful to 
Amaelle Landais from the Laboratoire des Sciences Du Climat et de l’Environnement 
Université Paris-Saclay for measuring the 17O of leaf water samples for our study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



73

3.7.  Supplementary material  

3.7.1. Mesophyll conductance calculation using A13C 
 
Mesophyll conductance (gm13) is the conductance through the intercellular air spaces, the cell 
wall, the plasmalemma, chloroplast envelope, cytosol, and stroma to the carboxylation site for 
the C3 plants (Flexas et al., 2008; Flexas et al., 2012). gm13 is calculated as a difference between 
observed discrimination ( A13Cobs) and the discrimination by assuming infinite mesophyll 
conductance (no mesophyll resistance) ( A13Ci).  
 

 
(S3.1) 

where t13 is a ternary correction factor, b the fractionation due to uptake by Rubisco, and am 
the sum of the fractionations associated with 13CO2 dissolution in and diffusion through water, 
respectively. e, Rd, e, b and P are the fractionations during day respiration (decarboxylation), 
the day respiration rate, the fractionation factor for day respiration with respect to net 
assimilation, the fractionation factor for C3 carboxylation, and the pressure of the air 
surrounding the leaf, respectively. A detailed description of the equations, best-fit parameters 
and definitions of discrimination factors is given in Table S3.1. It is assumed that all respired 
and photo- respired CO2 diffuses into the chloroplasts (i.e., no diffusion of respired and photo-
respired CO2 directly through the cytosol and plasma membrane without first diffusing through 
the chloroplasts) (Ubierna et al., 2019). 

 

3.7.2. Mesophyll conductance calculation using A18O 
 
gm18 (mol m-2s-1bar-1), can be derived from measurements of 18O using equation S3.2 with the 
assumption that the degree of equilibration between CO2 and H2O is 100 % and that the oxygen 
isotopic composition of leaf water at the CO2-H2O exchange site is the same as the leaf water 
at the evaporation site (Farquhar et al., 1993; Barbour et al., 2016; Cernusak et al., 2004), as 
shown in equation 1 of Holloway-Phillips et al. (2019).  
 

 
(S3.2) 

 
where An (mol m-2s-1) is the assimilation rate, ci and cm,18O (mol mol-1) are the CO2 mole 
fractions in the intercellular air space and in the mesophyll (derived using 18O) and P (bar) is 
the total atmospheric pressure. 18Oi is 18O of CO2 in the intercellular airspace,  is the 
fractionation factor for 12C18O16O during diffusion and dissolution in water,  is the 
discrimination in 12C18O16O during diffusion and dissolution in water,  
(Farquhar and Cernusak, 2012), 18OA is 18O of the assimilated CO2 and 18Om is the 18O of 
CO2 in equilibrium with leaf water at the CO2-H2O exchange site. 18O=(18Rsample-
18Rstandard)/18Rstandard, where 18R=18O/16O.  
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The CO2 mole fraction at the site of CO2-H2O exchange can be calculated from  18O of CO2 
following (Farquhar and Cernusak, 2012; Osborn et al., 2017; Barbour et al., 2016; Cernusak 
et al., 2004) as: 
 

 
(S3.3) 

 
Assuming that the isotopic composition of leaf water at the CO2-H2O exchange site is the same 
as the 18O of leaf water at the evaporating site, 18Om can be calculated as: 
 

 (S3.4) 

 
where 18Owes is the 18O of H2O in at the site of evaporation and   is the equilibrium 
fractionation between CO2 and water (See Table S3.1). The 18Owes is calculated using the 
modified Craig and Gordon model (Farquhar et al., 1989b; Flanagan et al., 1991; Harwood et 
al., 1998; Farquhar and Lloyd, 1993) as: 
 

 (S3.5) 

 
where wi and wo are the mole fraction of water vapor in the intercellular air spaces and in the 
air leaving the cuvette, respectively.  and  are the kinetic fractionation of for 
diffusion of water vapor in air and the equilibrium fractionation between liquid and gas-phase 
water, respectively. See Table S3.1 for a list of symbols.  
 
3.7.3. Derivation of gm from 17O of CO2 measurement 
 
The 18O of CO2 at the CO2-H2O exchange site ( 18Om) can be calculated as described in 
(Farquhar and Cernusak, 2012; Cernusak et al., 2004) as:  
 

 (S3.6) 

 
Analogous to 18O, 17O of CO2 at the CO2-H2O exchange site can be calculated as:  
 

 (S3.7) 

The 17O of CO2 at the CO2-H2O exchange site can be calculated as: 
 

 

Substituting equation S3.6 and S3.7 in equation S3.8: 

(S3.8) 
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(S3.9) 

 

 

(S3.10) 

 

(S3.11) 

 (S3.12) 

 
 (S3.13) 

Substitute equation S3.12 and S3.13 in equation S3.11 
 

 (S3.14) 

 
 (S3.15) 

Since the cm is calculated from 17O measurements we used a subscript 17 (cm 17) to 
differentiate the calculations using 18O. 
 

 
(S3.16) 

Then gm 17 can be calculated based on cm 17 as: 
 

 (S3.17) 

 (S3.18) 
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Re-arranging equation S3.18: 

 (S3.19) 

 
 

 
(S3.20) 

 
 

 
 
Figure S3.1 Correlation between gm estimates using 18O and 17O measurements for sunflower (circles), ivy 
(triangles) and maize (star). In (A) and (B) the color bar is for 17Oi - 17Om and 18Oi- 18Om, respectively. 
 

 
Figure S3.2 gm estimates using 18O measurement (A) and 17O measurement (B) for sunflower, ivy and maize 
as a function of the difference in the oxygen isotope composition between the intercellular air space and the CO2-
H2O exchange site for low and high PFDs.  
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Table S3.1 List of variables and equations used in this study to calculate gas exchange parameters and carbon 
and oxygen three-isotope discriminations.  
 

Symbol Description  Unit/calculation/value 
Gas exchange 

An Rate of CO2 assimilation 
   , mol m-2s-2   

E Transpiration rate      , mol m-2s-2   

wi Mole fraction of water vapour inside a leaf  
  , mol mol-1 

wa Mole fraction of water vapour leaving the cuvette /leaf 
surrounding  

mol mol-1 

we Mole fraction of water vapour entering the cuvette  mol mol-1 
ce Mole fraction of CO2 entering the cuvette  mol mol-1 
ca Mole fraction of CO2 in the leaf surrounding/ leaving 

the cuvette  
mol mol-1 

ue Flow rate of air entering the cuvette mol s-1 
s The surface area of the leaf inside the cuvette  m2  
P Atmospheric pressure  bar 
Tleaf Leaf temperature  oC 
gs(H2O) Stomatal conductance for water vapour   

gb(H2O) Boundary layer conductance for water vapour  Calibrated for the cuvette we used  
gt

H2O Conductance for water vapor through the boundary 
layer and stomata  , mol m-2s-1  

gs Stomatal conductance for CO2   
gb Boundary conductance for CO2   
gt

CO2 Conductance for CO2 through the boundary layer and 
stomata 

    

 CO2 compensation point  45 mol m-2s-1 
gm13 CO2 conductance from intercellular air space to the 

site of carboxylation calculated using A
13C (for C3 

plants only) 

mol m-2s-1bar-1 

gm18 CO2 conductance from intercellular air space to CO2-
H2O exchange site calculated using A

18O  
mol m-2s-1bar-1 

gm17 CO2 conductance from intercellular air space to CO2-
H2O exchange site calculated using A

17O 
mol m-2s-1bar-1 

gm 17 CO2 conductance from intercellular air space to CO2-
H2O exchange site calculated using A

17O 
mol m-2s-1bar-1 

ci Mole fraction of CO2 in the intercellular air space 
, mol mol-1  

cs Mole fraction of CO2 at the leaf surface , mol mol-1 

cm Mole fraction of CO2 at the site of CO2-H2O exchange mol mol-1 
 

cc Mesophyll conductance to the chloroplast (for C3 
plants) , mol mol-1  

t13 Ternary correction for 13CO2   

t18 Ternary correction for C18OO    

t17 Ternary correction for C17OO    

RD Dark respiration rate  0.8 mol m-2s-1 
RL Day respiration rate  0.5  RD mol m-2s-1  

Oxygen and carbon isotope effects 
18

k Kinetic fractionation of water vapour in the air  , ‰ 
 

18
equ Equilibrium fractionation between liquid and gas 

phase of water vapor 
, ‰ 

a13bs Weighted fractionation for 13COO as CO2 diffuses 
through the boundary layer and stomata 

 , ‰ 

a17bs Weighted fractionation for C17OO as CO2 diffuses 
through the boundary layer and stomata 

 , ‰ 

a18bs Weighted fractionation for C18OO as CO2 diffuses 
through the boundary layer and stomata 

 , ‰ 
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a13bs Weighted fractionation for 13COO as CO2 diffuses 
through the boundary layer and stomata 

  , ‰ 

a18bs Weighted fractionation for C18OO as CO2 diffuses 
through the boundary layer and stomata 

  , ‰ 

a17bs Weighted fractionation for C17OO as CO2 diffuses 
through the boundary layer and stomata 

 , ‰ 

 Weighted fractionation of C17OO as it diffuses 
through the boundary layer, stomata and liquid phase 
in series  

 , ‰ 

 Weighted fractionation of C18OO as it diffuses 
through the boundary layer, stomata and liquid phase 
in series  

 , ‰ 

a13b Fractionation in 13CO2 as CO2 diffuses through the 
boundary layer 

2.9 ‰  

a13s Fractionation in 13CO2 as CO2 diffuses through the 
stomata 

4.4 ‰  

am Fractionation factor for dissolution and diffusion 
through water 

1.8 ‰  

f Fractionation factor for photorespiration 
(decarboxylation of glycine)  

16 ‰  

e Fractionation factor for day respiration  , ‰  
e* Apparent fractionation for day respiration   , ‰ 
b Fractionation factor for uptake by RubisCO 29 ‰  
   

f Fractionation due to photorespiration 
(decarboxylation of glycine) 

1+f 

e Fractionation due to day respiration 1+e 
b Fractionation due to uptake by RubisCO 1+b 

a17b Fractionation of C17OO as CO2 diffuses through the 
boundary layer 

2.9 ‰ 

a17s Fractionation in C17OO as CO2 diffuses through 
stomata  

4.4 ‰ 

a18b Fractionation of C18OO as CO2 diffuses through the 
boundary layer 

5.8 ‰  

a18s Fractionation in C18OO as CO2 diffuses through 
stomata  

8.8 ‰  

a17w Fractionation in C17OO due to diffusion and 
dissolution in water 

0.382 ‰  

a18w Fractionation in C18OO due to diffusion and 
dissolution in water 

0.8 ‰  

18
W Equilibrium fractionation of   CO2 and water for 

C18OO 
 , ‰  

18
k kinetic fractionation of water vapor in air   , ‰ 

18
equ equilibrium fractionation between the liquid and gas 

phase water 
,  ‰ 

Isotopic composition 
17OA 17O of the assimilated CO2  , ‰ 
18OA 18O of the assimilated CO2   , ‰ 

17Oio 17O of CO2 in the intercellular air space ignoring 
ternary correction 

 , ‰ 

18Oio 18O of CO2 in the intercellular air space ignoring 
ternary correction 

 , ‰ 

17Oi 17O of CO2 in the intercellular air space  
 , ‰ 

18Oi 18O of CO2 in the intercellular air space  
 , ‰ 

18Otrans 18O of transpired water vapour  , ‰ 

18Owes 18O of water at the evaporation site 

, ‰ 
17Om 17O of CO2 at the site of CO2-H2O exchange , ‰ 
18Om 18O of CO2 at the site of CO2-H2O exchange , ‰ 
13Csubstr

ate  
Isotope (13C) ratio of substrate used for dark 
respiration 
 

, ‰   
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A
13C 13C-photosynthetic discrimination  , ‰ 

A
13Cobs 13C-photosynthetic discrimination (Farquhar model) 

, ‰ 

A
13Ci 13C-photosynthetic discrimination (assuming no 

mesophyll conductance, i.e ci=cc) 
, ‰ 

A
18O 18O-photosynthetic discrimination  Equation 3.11, ‰ 

A
17O 17O-photosynthetic discrimination  

, ‰ 

A
17OFM Farquhar model for 17O-photosynthetic discrimination 

 , ‰ 

A
18OFM Farquhar model for 18O-photosynthetic discrimination 

 , ‰ 

17Oe 17O of CO2 entering the cuvette Measured, ‰ 
17Oa 17O of CO2 leaving the cuvette Measured, ‰ 
18Oe 18O of CO2 entering the cuvette Measured, ‰ 
18Oa 18O of CO2 leaving the cuvette Measured, ‰ 
17Oma 17O of CO2 equilibrated with the leaf water at the 

evaporating site relative to the CO2 leaving the cuvette 
 , ‰ 

18Oma 18O of CO2 equilibrated with the leaf water at the 
evaporating site relative to the CO2 leaving the cuvette 

 , ‰ 

18Owe 18O of water vapour entering the cuvette   Measured, ‰ 
18Owa 18O of water vapour leaving the cuvette/leaf 

surrounding 
Measured, ‰ 
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Chapter 4 
 

Leaf-scale quantification of the effect of photosynthetic gas 
exchange on 17O of atmospheric CO2  
 
Abstract 
 
Understanding the processes that affect the triple oxygen isotope composition of atmospheric 
CO2 during gas exchange can help constrain the interaction and fluxes between the atmosphere 
and the biosphere. We conducted leaf cuvette experiments under controlled conditions, using 
three plant species. The experiments were conducted at two different light intensities and using 
CO2 with different 17O. We directly quantify for the first time the effect of photosynthesis on 

17O of atmospheric CO2. Our results demonstrate the established theory for 18O is applicable 
to 17O-CO2 at leaf-level and we confirm the two key factors determine the effect of 
photosynthetic gas exchange on the 17O of atmospheric CO2. The relative difference between 

17O of the CO2 entering the leaf and the CO2 in equilibrium with leaf water, and the back-
diffusion flux of CO2 from the leaf to the atmosphere, which can be quantified by the cm/ca 
ratio where ca is the CO2 mole fraction in the surrounding air and cm the one at the site of 
oxygen isotope exchange between CO2 and H2O. At low cm/ca ratio the discrimination is 
governed mainly by diffusion into the leaf, and at high cm/ca ratio by back-diffusion of CO2 
that has equilibrated with the leaf water. Plants with a higher cm/ca ratio modify the 17O of 
atmospheric CO2 more strongly than plants with a lower cm/ca ratio. Based on the leaf cuvette 
experiments, the global value for discrimination against 17O of atmospheric CO2 during 
photosynthetic gas exchange is estimated to be -0.57 ± 0.14 ‰ using cm/ca values of 0.3 and 
0.7 for C4 and C3 plants, respectively. The main uncertainties in this global estimate arise from 
variation in cm/ca ratios among plants and growth conditions.  
 
 
 
 
 
 
 
 
3 

 
 
 
 
 
 
                                                
This chapter is published as: Adnew, G. A., Pons, T. L., Koren, G., Peters, W., and Röckmann, T.: Leaf-scale 
quantification of the effect of photosynthetic gas exchange on 17O of atmospheric CO2, Biogeosciences, 17, 
3903–3922,2020, DOI:10.5194/bg-17-4375-2020. 
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4.1. Introduction 
 
Stable isotope measurements of CO2 provide important information on the magnitude of the 
CO2 fluxes between atmosphere and biosphere, which are the largest components of the global 
carbon cycle (Farquhar et al., 1989a; 1993; Ciais et al., 1997a; 1997b; Flanagan and Ehleringer, 
1998; Yakir and Sternberg, 2000; Gillon and Yakir, 2001; Cuntz et al., 2003a; 2003b). A better 
understanding of the terrestrial carbon cycle is essential for predicting future climate and 
atmospheric CO2 mole fractions (Booth et al., 2012). Gross primary productivity (GPP), the 
total carbon dioxide uptake by vegetation during photosynthesis, can only be determined 
indirectly and remains poorly constrained (Cuntz, 2011; Welp et al., 2011). For example, Beer 
et al. (2010) estimated global GPP to be 102-135 PgC yr-1 (85 % confidence interval, CI) using 
machine learning techniques by extrapolating from a database of eddy-covariance 
measurements of CO2 fluxes. This estimate has since then been widely used as target for 
terrestrial vegetation models (Sitch et al., 2015), and replicated based on cross-consistency 
checks with atmospheric inversions, sun-induced fluorescence (SIF) and global vegetation 
models (Jung et al., 2020). As an alternative, Welp et al. (2011) estimated global GPP to be 
150-175 PgC yr-1 using variations in 18O of atmospheric CO2 after the 1997/98 El Nino event; 
see equation 4.1 for definition of the  value.  

 
The concept behind the latter study was that atmospheric CO2 exchanges oxygen isotopes with 
leaf and soil water, and this isotope exchange mostly determines the observed variations in 

18O of CO2 (Francey and Tans, 1987; Yakir, 1998). Following the 97/98 ENSO event, the 
anomalous 18O signature imposed on tropical leaf and soil waters was transferred to 
atmospheric CO2, before slowly disappearing as a function of the lifetime of atmospheric CO2. 
This in turn is governed by the land vegetation uptake of CO2 during photosynthesis, as well 
as soil invasion of CO2 (Miller et al., 1999; Wingate et al., 2009). For the photosynthesis term, 
the equilibration of CO2 with water is an uncertain parameter in this calculation, partly because 
the 18O of water at the site of isotope exchange in the leaf is not well defined. Importantly, a 
significant 18O variation can occur in leaves due to the preferential evaporation of H216O 
relative to H218O (Gan et al., 2002; Farquhar and Gan, 2003; Gan et al., 2003; Cernusak et al., 
2016), which induces a considerable uncertainty in estimating 18O of CO2. Similar 
considerations for the transfer of the 18O signature of precipitation into the soils, and then up 
through the roots, stems, and leaves make 18O of CO2 a challenging measurement to interpret 
(Peylin et al., 1999; Cuntz et al., 2003a; 2003b).  

Classical isotope theory posits that oxygen isotope distributions are modified in a mass-
dependent way. This means that the 17O/16O ratio changes by approximately half of the 
corresponding change in 18O/16O (equation 4.2), and it applies to the processes involved in gas 
exchange between atmosphere and plants. However, in 1983 Thiemens and co-workers 
(Heidenreich and Thiemens, 1983; Thiemens, 1983; Heidenreich and Thiemens, 1986) 
reported a deviation from mass-dependent isotope fractionation in ozone (O3) formation called 
mass-independent isotope fractionation ( 17O, equation 4.3). In the stratosphere, the 17O of 
O3 is transferred to CO2 via isotope exchange of CO2 with O(1D) produced from O3 photolysis 
(Yung et al., 1991; Yung et al., 1997; Shaheen et al., 2007), which results a large 17O in 
stratospheric CO2 (Thiemens et al., 1991; 1995; Lyons, 2001; Lämmerzahl et al., 2002; 
Thiemens, 2006; Kawagucci et al., 2008; Wiegel et al., 2013).  
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Once 17O has been created in stratospheric CO2, the only process that modify its signal is 
isotope exchange with leaf water, soil water and ocean water at the Earth’s surface, after CO2 
has re-entered the troposphere (Boering et al., 2004; Thiemens et al., 2014; Liang and Mahata, 
2015; Hofmann et al., 2017). Isotope exchange with leaf water is more efficient relative to 
ocean water due to the presence of the enzyme carbonic anhydrase (CA), which effectively 
catalyzes the conversion of CO2 and H2O to HCO3- and H+ and vice versa (Francey and Tans, 
1987; Friedli et al., 1987; Badger and Price, 1994; Gillon and Yakir, 2001). The isotope 
exchange in the atmosphere is negligible due to lower liquid water content, lower residence 
time and the absence of carbonic anhydrase (Mills and Urey, 1940; Miller et al., 1971; Johnson, 
1982; Silverman, 1982; Francey and Tans, 1987).  

17O of CO2 has been suggested as an additional independent tracer for constraining global 
GPP (Hoag et al., 2005; Thiemens et al., 2013; Hofmann et al., 2017; Liang et al., 2017b; Koren 
et al., 2019), because the processes involved in plant-atmosphere gas exchange are all mass-
dependent. Therefore, 17O at the CO2-H2O exchange site in the leaf will vary much less than 

18O. Nevertheless, mass-dependent isotope fractionation processes with slightly different 
three-isotope fractionation slopes are involved, which have been precisely established in the 
past years. Figure 4.1 shows how the different processes affect 17O of the H2O and CO2 
reservoirs involved. The triple isotope slope of oxygen in meteoric waters is taken as reference 
slope, Ref =0.528 (Meijer and Li, 1998; Barkan and Luz, 2007; Landais et al., 2008; Luz and 
Barkan, 2010; Uemura et al., 2010) and we assume that soil water is similar to meteoric water. 
Due to transpiration and diffusion in the leaf, 17O of leaf water gets modified following a 
humidity dependent three-isotope slope trans= 0.522-0.008 h (Landais et al., 2006). Exchange 
of oxygen isotopes between leaf water and CO2 follows CO2-H2O =0.5229 (Barkan and Luz, 
2012) which determines the 17O of CO2 inside the leaf at the CO2-H2O exchange site. Finally, 
the 17O of the CO2 is modified when CO2 diffuses into and out of the leaf with diff = 0.509 
(Young et al., 2002). 

 

Figure 4.1 Schematic for mass-dependent isotope fractionation process that affects the 17O of the CO2 and H2O 
during the photosynthetic gas exchange (not to scale). The triple oxygen isotope relationship for the individual 
isotope fractionation processes (both kinetic and equilibrium fractionation) are assigned with . trans=0.522-
0.008 h, where h is relative humidity (Landais et al., 2006), in this study the humidity is 75 %, trans=0.516. CO2-

H2O (Barkan and Luz, 2012), CO2-diff (Young et al., 2002), H2O(v)-H2O(l) (Barkan and Luz, 2005) and H2O(v)-diff 

(Barkan and Luz, 2007). Where v and l for vapor and liquid water, respectively; 18O is enrichment or depletion 
in 18O isotope composition due to the corresponding isotope fractionation process; diff and trans stand for 
diffusion and transpiration, respectively. 
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In the first box model study of Hoag et al. (2005), the small deviations in 17O of CO2 due to 
differences in three-isotope slopes were neglected and exchange with water was assumed to 
reset 17O to 0. Hofmann et al. (2017) included the different isotope effects shown in Figure 
4.1 in their box model. Koren et al. (2019) incorporated all the physico-chemical processes 
affecting 17O of CO2 in a 3D atmospheric model and investigated the spatiotemporal 
variability of 17O and its use as tracer for GPP. Using these and other similar models, 
numerous measurements of 17O in atmospheric CO2 from different locations have been 
performed and used to estimate GPP (Liang et al., 2006; Barkan and Luz, 2012; Thiemens et 
al., 2014; Liang and Mahata, 2015; Laskar et al., 2016; Hofmann et al., 2017). The three-
isotope slopes of the processes involved in the gas exchange (Figure 4.1) have been precisely 
determined in idealized experiments. In the advanced models mentioned above it is assumed 
that when all the pieces are put together they results in a realistic overall modification of 17O 
of CO2 in the atmosphere surrounding the leaf. However, this has not been confirmed by 
measurements previously.  

 
In this study we report the effect of photosynthesis on 17O of CO2 in the surrounding air at 
the leaf scale. We measured 17O of CO2 entering and leaving a leaf cuvette to calculate the 
isotopic fractionation associated with photosynthesis for three species that are representative 
for three different biomes. The fast-growing annual herbaceous C3 species Helianthus annuus 
(sunflower) has a high photosynthetic capacity (An) and high stomatal conductance (gs) and is 
representative for temperate and tropical crops (Fredeen et al., 1991). The slower growing 
perennial evergreen C3 species Hedera hybernica (ivy) is representative of forests and other 
woody vegetation and stress subjected habitats (Pons et al., 2009). The fast-growing, 
agronomically important crop Zea mays (maize) is an herbaceous annual C4 species with a high 
An and a low gs, typical for savanna type vegetation (Weijde et al., 2013). The mole fraction of 
CO2 at the CO2-H2O exchange site (cm) is an important parameter to determine the effect of 
photosynthesis on 17O of CO2. In C3 plants, the CO2-H2O exchange can occur anywhere 
between the plasma membrane and the chloroplast since the catalyzing enzyme CA has been 
found in the chloroplast, cytosol, mitochondria and plasma membrane (Fabre et al., 2007; 
DiMario et al., 2016). For C4 plants, CA is mainly found in the cytosol and the CO2-H2O 
exchange occurs there (Badger and Price, 1994). In our experiments, sunflower and ivy are 
used to cover the wide cm/ca ratio range among C3 plants and maize represents the cm/ca ratio 
for the C4 plants. Using our results from the leaf scale experiments, we estimated the effect of 
terrestrial vegetation on 17O of CO2 in the global atmosphere. 
 

4.2. Theory 
 

4.2.1.  Notation and definition of  values 

 
Isotopic composition is expressed as the deviation of the heavy to light isotope ratio in a sample 
relative to a reference ratio and it is denoted as , expressed in per mill (‰). In the case of 
oxygen isotopes, the isotope ratios are 18R = [18O]/[16O] and 17R = [17O]/[16O] and the reference 
material is Vienna Standard Mean Ocean Water (VSMOW): 
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, n refers to 17 or 18 (4.1) 

 
For most processes, isotope fractionation depends on mass, and therefore the fractionation 
against 17O is approximately half of the fractionation against 18O (equation 4.3).  
 

 (4.2) 

 
The mass-dependent isotope fractionation factor  ranges from 0.5 to 0.5305 for different 
molecules and process (Matsuhisa et al., 1978; Thiemens, 1999; Young et al., 2002; Cao and 
Liu, 2011). 17O is used to quantify the degree of deviation from equation 4.2 (see equation 
4.3). Note that 17O changes not only by mass-independent isotope fractionation processes, 
but also by mass-dependent isotope fractionation processes with a different  value from the 
one used in the definition of 17O (Barkan and Luz, 2005; Landais et al., 2006; 2008; Luz and 
Barkan, 2010; Barkan and Luz, 2011; Pack and Herwartz, 2014).  
 

 (4.3) 

 
The choice of  is in principle arbitrary and in this study, we use  = 0.528, which was 
established for meteoric waters (Meijer and Li, 1998; Landais et al., 2008; Brand et al., 2010; 
Luz and Barkan, 2010; Barkan and Luz, 2012; Sharp et al., 2018). Equation 4.3 can be 
linearized to (Miller, 2002) , but this approximation causes an error 
that increases with 18O (Miller, 2002; Bao et al., 2016). 
 

4.2.2.  Discrimination against 17O of CO2  

 
The overall isotope fractionation associated with the photosynthesis of CO2 is commonly 
quantified using the term discrimination as described in (Farquhar and Richards, 1984; 
Farquhar et al., 1989a; Farquhar and Lloyd, 1993). We use the symbol A for discrimination 
due to assimilation in this manuscript since the commonly used  is already used for the 
definition of 17O (see equation 4.3). A quantifies the enrichment or depletion of carbon and 
oxygen isotopes of CO2 in the surrounding atmosphere relative to the CO2 that is assimilated 
(Farquhar and Richards, 1984). It can be calculated from the isotopic composition of the CO2 
entering and leaving the leaf cuvette (Evans et al., 1986; Gillon and Yakir, 2000b; Barbour et 
al., 2016) as: 

 
  (4.4) 

 
where the indices e, a and A refer to CO2 entering and leaving the cuvette and being assimilated, 
respectively. , where ce and ca are the mole fractions of CO2 entering and leaving the 
cuvette. For quantifying the effect of photosynthesis on 17O in our experiments, the A 17O 
is calculated from A17O and A18O using the three-isotope slope  similar to 
equation 4.3. In previous studies slightly, different formulations have been used to define the 
effect of photosynthesis on 17O, and a comparison of the different definitions is provided in 
the supplementary material (equation S4.37-S4.40).  
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It is important to note that when the logarithmic definition of 17O or A 17O is used, values 
are not additive (Kaiser et al., 2004). In linear calculations, the error gets larger when the 
relative difference in 18O between the two CO2 gases increases regardless of the 17O of the 
individual CO2 gases (Figure S4.1). Therefore, A 17O values have to be calculated from the 
individual A17O and A18O values, and not by linear combinations of the 17O of air entering 
and leaving a plant chamber.  
 

4.3. Materials and methods  
 

4.3.1.  Plant material and growing conditions  

 

Sunflower (Helianthus annuus L. cv “sunny”) was grown from seeds in 0.6 L pots with potting 
soil (Primasta, the Netherlands) for about four weeks. All leaves appearing above the first leaf 
pair were removed to avoid shading. Established juvenile ivy (Hedera hybernica L.) plants 
were pruned and planted in 6 L pots for 6 weeks. Ivy leaves that had developed and matured 
were used for the experiments. Maize (Z. mays L. cv “saccharate”) was grown from seed in 1.6 
L pots for at least 7 weeks. For maize, the 4th or higher leaf number was used for the 
experiments when mature. A section of the leaf at about 1/3 from the tip was inserted in the 
leaf cuvette. They were placed on a sub-irrigation system that provided water during the growth 
period in a controlled environment growth chamber, air temperature 20 oC, relative humidity 
70 % and CO2 mole fraction of about 400 ppm. The photosynthetic photon flux density (PPFD) 
was about 300 mol m-2 s-1 during a daily photoperiod of 16 hours measured with a PPFD 
meter (Licor LI-250A, Li-Cor Inc, Nebraska, USA). 
 

4.3.2.  Gas exchange experiments  

 
Gas exchange experiments were performed in an open system where a controlled flow of air 
enters and leaves the leaf cuvette similar to the setup used by (Pons and Welschen, 2002). A 
schematic for the gas exchange experimental setup is shown in Figure 4.2. The leaf cuvette had 
dimensions of 7 x 7 x 7 cm3 (lxwxh) and the top part of the cuvette was transparent. The 
temperature of the leaf was measured with a K type thermocouple. The leaf chamber 
temperature was controlled by a temperature-controlled water bath kept at 20 oC (Tamson TLC 
3, The Netherlands). A halogen lamp (PRADOVIT 253, ERNST LEITZ WETZLAR GMBH, 
Germany) in a slide projector was used as a light source. Infrared was excluded by reflection 
from a cold mirror. The light intensity was varied with spectrally neutral filters (PRADOVIT 
253, ERNST LEITZ WETZLAR GMBH, Germany).  
 
The CO2 mole fraction of the incoming and outgoing air was measured with an infrared gas 
analyzer (IRGA, model LI-6262, LI-COR Inc., Nebraska, USA). The isotopic composition and 
mole fraction of the incoming and outgoing water vapor were measured with a triple water 
vapor isotope analyzer (WVIA, model 911-0034, Los Gatos Research, USA). Compressed air 
(ambient outside air without drying) was passed through soda lime to scrub the CO2. The CO2 

[H2O]= 1900ppm
δD= -100‰
δ18O=-13‰
δ17O=-6.5‰
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free air could be humidified depending on the experiment conditions (see Figure 4.2). The 
humidity of the inlet air was monitored continuously with a dewpoint meter (HYGRO-M1, 
General Eastern, Watertown, MA, USA). Pure CO2 (either normal CO2 or isotopically enriched 
CO2) was mixed with the incoming air to produce a CO2 mole fraction of 500 ppm. The 
isotopically enriched CO2 was prepared by photochemical isotope exchange between CO2 and 
O2 under UV irradiation (Adnew et al., 2019).  
 
An attached leaf or part of it was inserted into the cuvette, the composition of the inlet air was 
measured, and both IRGA and WVIA were switched to measure the outlet air. Based on the 
CO2 mole fraction of the outgoing air the flow rate of the incoming air to the cuvette was 
adjusted to establish a drawdown of 100 ppm CO2 due to photosynthesis in the plant chamber. 
The water vapor content entering the cuvette was adjusted depending on the transpiration rate 
relative to CO2 uptake to avoid condensation (Figure 4.2). The outgoing air was measured 
continuously until a steady state was reached for CO2 and H2O mole fractions and D and 18O 
of the water vapor. After a steady state was established, the air was directed to the sampling 
flask while the IGRA and WVIA were switched back to measure the inlet air. The air passed 
through a Mg(ClO4)2 dryer before entering the sampling flask.  
 

 
 

Figure 4.2  Schematic diagram of the leaf cuvette experimental setup. IRGA stands for the infrared gas analyzer, 
WVSS is the water vapor standard source, WVIA is the water vapor isotope analyzer, N-CO2 is normal CO2, E-
CO2 is 17O-enriched CO2.  
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After sampling, the leaf area inside the cuvette was measured with a LI-3100C area meter (Li-
COR, Inc. USA). Immediately afterward, the leaf was placed in a leak tight 9 mL glass vial 
and kept in a freezer at -20 oC until leaf water extraction.  
 

4.3.3. Calibration of the Water Vapor Isotope Analyzer (WVIA) and leaf 
water analysis  

 
The WVIA was calibrated using five water standards provided by IAEA (Wassenaar et al., 
2018) for both 18O and D (Figure S4.2). We did not calibrate the WVIA for 17O, so the 17O 
data are not used in the quantitative evaluation. The isotopic composition of the water standards 
ranged from -50.93 to 3.64 ‰ and -396.98 ‰ to 25.44 ‰ for D and 18O, respectively. The 
detailed characterization and calibration of the water WVIA is provided in the supplementary 
material (Figure S4.2 to S4.4).  
 
Leaf water was extracted by cryogenic vacuum distillation for 4 h at 60 oC following a well-
established procedure as shown in Figure S4.5 (Wang and Yakir, 2000; Landais et al., 2006; 
West et al., 2006). Details are provided in the supplementary material. The 17O and 18O of 
leaf water was determined at the Laboratoire des Sciences du Climat et de l’Environnement 
laboratory using a fluorination technique as described in (Barkan and Luz, 2005;Landais et al., 
2006;2008).  
 

4.3.4. Carbon dioxide extraction and isotope analysis  

 
CO2 was extracted from the air samples in a system made from electropolished stainless steel 
(Supplementary Figure S4.6). Our system used four commercial traps (MassTech, Bremen, 
Germany). The first two traps were operated at dry ice temperature (-78 oC) to remove moisture 
and some organics. The other two traps were operated at liquid nitrogen temperature (-196 oC) 
to trap CO2. The flow rate during extraction was 55 mL min-1, controlled by a mass flow 
controller (Brooks Instruments, Holland). The reproducibility of the extraction system was 
0.030 ‰ for 18O and 0.007 ‰ for 13C determined on 14 extractions (1  standard deviation, 
Supplementary Table S4.1).  
 
The 17O of CO2 was determined using the CO2-O2 exchange method (Mahata et al., 2013; 
Barkan et al., 2015; Adnew et al., 2019). The CO2-O2 exchange system used at Utrecht 
University is described in (Adnew et al., 2019). In short, equal amounts of CO2 and O2 were 
mixed in a quartz reactor containing a platinum sponge catalyst and heated at 750 oC for 2hrs. 
After isotope equilibration, the CO2 was trapped at liquid nitrogen temperature, while the O2 

was collected with 1 pellet of 5Å molecular sieve (1.6 mm, Sigma Aldrich, USA) at liquid 
nitrogen temperature. The isotopic composition of the isotopically equilibrated O2 was 
measured with a DeltaPlusXL isotope ratio mass spectrometer in dual inlet mode with reference 
to a pure O2 calibration gas that has been assigned values of 17O = 9.254 ‰ and 18O = 18.542 
‰ by E. Barkan at the Hebrew University of Jerusalem. The reproducibility of the 17O 
measurement was better than 0.01 ‰ (Supplementary Table S4.1). 
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4.3.5. Leaf cuvette model  

 

We used a simple leaf cuvette model to evaluate the dependence of A 17O on key parameters. 
In this model, the leaf is partitioned into three different compartments: the intercellular air 
space, the mesophyll cell, and the chloroplast. In the leaf cuvette model, we used a 100 ppm 
downdraw of CO2, similar to the leaf exchange experiments, i.e., the CO2 mole fraction 
decreases from 500 ppm in the entering air (ce) to 400 ppm in the outgoing air (ca), which is 
identical to the air surrounding the leaf (ca) as a result of thorough mixing in the cuvette. The 
assimilation rate is set to 20.0 μmol m-2s-1. The leaf area and flowrate of air are set to 30 cm2 

and 0.7 L min-1, respectively. The isotope composition of leaf water at the site where the H2O-
CO2 exchange occurs is 17O = 5.39 ‰ and 18O = 10.648 ‰, which is the mean of the 
measured 17O and 18O values of bulk leaf water in our experiments. The leaf water 
temperature is set to 22 °C (similar to the experiment). In the model, the 18O of the CO2 
entering the cuvette is set to 30.47 ‰ for all the simulations, as in the normal CO2 experiments, 
but the assigned 17O values ranges from -0.5 ‰ to 0.5 ‰ which encompasses both the 
stratospheric intrusion and combustion components. The corresponding 17O of the CO2 
entering the cuvette is calculated from the assigned 18O value (30.47 ‰) and 17O values (-
0.5 ‰ to 0.5 ‰). For the calculations with this model, we assumed an infinite boundary layer 
conductance. The leaf cuvette model is illustrated in the supplementary material (Figure S4.7) 
and the detailed code and description is available at https://git.wur.nl/leaf_model/D17O. 

4.4. Results 
 

4.4.1.  Gas exchange parameters  

 
Table 4.1 summarizes the isotopic composition and mole fraction of the CO2 used in this study 
for sunflower, ivy and maize. The 17O of CO2 used in this study varies from -0.215 ‰ to 0.44 
‰ while the 18O value is close to 30 ‰ for all the experiments.  
 
Table 4.1 Summary for gas exchange parameters and isotopic composition of maize, sunflower and ivy. Mole 
fraction at the site of exchange (cm) is calculated assuming complete isotopic equilibrium with the water at the 
CO2-H2O exchange site. The water at the CO2-H2O exchange site is assumed the same as the isotopic composition 
at the site of evaporation. Number in the parenthesis are the standard deviation of the mean (1 ).  
 

Parameter  Sunflower Ivy Maize 
Irradiance   
( mol m-2 s-

1) 

 
An 

mol 
mol-1m-2s-

1 

18 (0.7)  12 (0.7)  17 (2)  300 

29 (2)  15 (2)  32 (2)  1200 

 
gs 

mol m-2s-1 0.45 (0.14)  0.11 (0.02)  0.08 (0.01)  300 
0.40 (0.04)  0.15 (0.03)  0.16 (0.02)  1200 

18Oe ‰ 27.26 to 31.80 28.28 to 
30.48 

27.26 to 
30.48 
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17Oe ‰ -0.227 to 0.409 -0.215 to 
0.435 

-0.215 to 
0.310 

 

18Oa ‰ 33.25 to 43.87 32.64 to 
35.86 

34.04 to 
29.764 

 

17Oa ‰ -0.333 to 0.163 -0.276 to 
0.327 

-0.270 to 
0.296 

 

A18Oobs ‰ 57.12 (4.70)  22.20 (1.32) 17.23 (1.32)  300 
34.48 (3.25) 24.35 (3.09) 12.78 (0.83) 1200 

A 17Oobs ‰ -2.61 to -0.43 -1.03 to -
0.19 -0.36 to -0.09  

18Om ‰ 52.02 (1.24)  47.17 (1.17)  52.62 (0.52)  300 
52.62 (1.42) 51.09 (1.76) 55.15 (1.55) 1200 

17Om ‰ -0.41 (0.001)  -0.35 
(0.001)  -0.40 (0.01)  300 

-0.41 (0.01) -0.38 (0.02) -0.42 (0.02) 1200 
ca ppm 402 (3) 403 (3) 403 (3)  

ci ppm 357 (10) 284 (0.1) 194 (20) 300 
323 (10) 301 (13) 194 (15) 1200 

cc  ppm 277 (15)  188 (30)  300 
201 (42) 163 (21)  1200 

cm ppm 320 (10)  220 (10)  134 (15)  300 
252 (27) 214 (12) 88 (17) 1200 

 
For all the experiments, the mole fraction of CO2 entering the leaf (ca) is 400 ppm whereas the 
mole fraction of the CO2 in the intercellular air space (ci), at the CO2-H2O exchange site (cm) 
and in the chloroplast (cc) varies depending on the assimilation rate and metabolism type of the 
plants. Estimating the mesophyll conductance is described in the companion paper. A detailed 
description for estimating cm and cc is provided in the supplementary material. A list of 
variables and parameters used in this study are summarized in Table 4.2.  
 
Table 4.2 List of symbols and variables  
 

Symbol description  Unit/calculation/value 
Gas exchange 

An Rate of CO2 assimilation 
 , mol m-2s-2   

E Transpiration rate   , mol m-2s-2   

wi Mole fraction of water vapour inside leaf  
  , mol mol-1 

wa Mole fraction of water vapour leaving the cuvette /leaf 
surrounding  

WVIA / IRGA, mol mol-1 

we Mole fraction of water vapour entering the cuvette  WVIA/IRGA, mol mol-1 
ce Mole fraction of CO2 entering the cuvette  IRGA, mol mol-1 
ca Mole fraction of CO2 in the leaf surrounding/ leaving 

the cuvette  
IRGA, mol mol-1 

ue Flow rate of air entering the cuvette mol s-1 
s Surface area of the leaf inside the cuvette  m-2  
P Atmospheric pressure  bar 
Tleaf Leaf temperature  oC 
gs(H2O) Stomatal conductance for water vapour   

gb(H2O) Boundary layer conductance for water vapour  Calibrated for the cuvette we used  
gt

H2O Conductance for water vapor through the boundary 
layer and stomata  , mol m-2s-1  
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gs Stomatal conductance for CO2   
gb Boundary conductance for CO2   
gt

CO2 Conductance for CO2 through the boundary layer and 
stomata 

    

 CO2 compensation point  45 mol m-2s-1 
gm13 CO2 conductance from intercellular air space to the 

site of carboxylation calculated using A
13C (for C3 

plants only) 

mol m-2s-1bar-1 

gm18 CO2 conductance from intercellular air space to CO2-
H2O exchange site calculated using A

18O  
mol m-2s-1bar-1 

gm17 CO2 conductance from intercellular air space to CO2-
H2O exchange site calculated using A

17O 
mol m-2s-1bar-1 

gm 17 CO2 conductance from intercellular air space to CO2-
H2O exchange site calculated using A

17O 
mol m-2s-1bar-1 

ci Mole fraction of CO2 in the intercellular air space 
 , mol mol-1  

cs Mole fraction of CO2 at the leaf surface , mol mol-1 

cm Mole fraction of CO2 at the site of CO2-H2O exchange mol mol-1 
 

cc Mesophyll conductance to the chloroplast (for C3 
plants)  , mol mol-1  

t13 Ternary correction for 13CO2      

t18 Ternary correction for C18OO    

t17 Ternary correction for C17OO    

RD Dark respiration rate  0.8 mol m-2s-1 
RL Day respiration rate  0.5  RD mol m-2s-1  

Oxygen and carbon isotope effects 
18

k Kinetic fractionation of water vapour in air  , ‰ 
 

18
equ Equilibrium fractionation between liquid and gas 

phase of water vapor 
, ‰ 

a13bs Weighted fractionation for 13COO as CO2 diffuses 
through the boundary layer and stomata 

  ‰ 

a17bs Weighted fractionation for C17OO as CO2 diffuses 
through the boundary layer and stomata 

  , ‰ 

a18bs Weighted fractionation for C18OO as CO2 diffuses 
through the boundary layer and stomata 

  , ‰ 

a13bs Weighted fractionation for 13COO as CO2 diffuses 
through the boundary layer and stomata 

  , ‰ 

a18bs Weighted fractionation for C18OO as CO2 diffuses 
through the boundary layer and stomata 

  , ‰ 

a17bs Weighted fractionation for C17OO as CO2 diffuses 
through the boundary layer and stomata 

 , ‰ 

 Weighted fractionation of C17OO as it diffuses 
through the boundary layer, stomata and liquid phase 
in series  

 , ‰ 

 Weighted fractionation of C18OO as it diffuses 
through the boundary layer, stomata and liquid phase 
in series  

 , ‰ 

a13b Fractionation in 13CO2 as CO2 diffuses through the 
boundary layer 

2.9 ‰  

a13s Fractionation in 13CO2 as CO2 diffuses through the 
stomata 

4.4 ‰  

am Fractionation factor for dissolution and diffusion 
through water 

1.8 ‰  

f Fractionation factor for photorespiration 
(decarboxylation of glycine)  

16 ‰  

e Fractionation factor for day respiration  , ‰  
e* Apparent fractionation for day respiration   , ‰ 
b Fractionation factor for uptake by RubisCO 29 ‰  
   

f Fractionation due to photorespiration 
(decarboxylation of glycine) 

1+f 

e Fractionation due to day respiration 1+e 
b Fractionation due to uptake by RubisCO 1+b 

a17b Fractionation of C17OO as CO2 diffuses through the 
boundary layer 

2.9 ‰ 
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a17s Fractionation in C17OO as CO2 diffuses through 
stomata  

4.4 ‰ 

a18b Fractionation of C18OO as CO2 diffuses through the 
boundary layer 

5.8 ‰  

a18s Fractionation in C18OO as CO2 diffuses through 
stomata  

8.8 ‰  

a17w Fractionation in C17OO due to diffusion and 
dissolution in water 

0.382 ‰  

a18w Fractionation in C18OO due to diffusion and 
dissolution in water 

0.8 ‰  

18
W Equilibrium fractionation of   CO2 and water for 

C18OO 
 , ‰  

18
k kinetic fractionation of water vapor in air  

 
18

equ equilibrium fractionation between liquid and gas 
phase water  

Isotopic composition 
17OA 17O of the assimilated CO2    
18OA 18O of the assimilated CO2     

17Oio 17O of CO2 in the intercellular air space ignoring 
ternary correction 

 , ‰ 

18Oio 18O of CO2 in the intercellular air space ignoring 
ternary correction 

 , ‰ 

17Oi 17O of CO2 in the intercellular air space  
 , ‰ 

18Oi 18O of CO2 in the intercellular air space  
 , ‰ 

18Otrans 18O of transpired water vapour  , ‰ 

18Owes 18O of water at the evaporation site 

 
17Om 17O of CO2 at the site of CO2-H2O exchange ,   ‰ 
18Om 18O of CO2 at the site of CO2-H2O exchange ,   ‰ 
13Csubstr

ate  
Isotope (13C) ratio of substrate used for dark 
respiration 
 

   , ‰   

A
13C 13C-photosynthetic discrimination  , ‰ 

A
13Cobs 13C-photosynthetic discrimination (Farquhar model) 

 

A
13Ci 13C-photosynthetic discrimination (assuming no 

mesophyll conductance, i.e ci=cc)  

A
18O 18O-photosynthetic discrimination  

 , ‰ 

A
17O 17O-photosynthetic discrimination  

, ‰ 

A
17OFM Farquhar model for 17O-photosynthetic discrimination 

  ,   ‰ 

A
18OFM Farquhar model for 18O-photosynthetic discrimination 

  ,  ‰ 

17Oe 17O of CO2 entering the cuvette ‰ 
17Oa 17O of CO2 leaving the cuvette ‰ 
18Oe 18O of CO2 entering the cuvette ‰ 
18Oa 18O of CO2 leaving the cuvette ‰ 
17Oma 17O of CO2 equilibrated with the leaf water at the 

evaporating site relative to the CO2 leaving the cuvette 
 , ‰ 

18Oma 18O of CO2 equilibrated with the leaf water at the 
evaporating site relative to the CO2 leaving the cuvette 

 , ‰ 

18Owe 18O of water vapour entering the cuvette  WVIA, ‰ 
18Owa 18O of water vapour leaving the cuvette/leaf 

surrounding 
WVIA, ‰ 
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4.4.2.  Discrimination against 18O of CO2 

 
Figure 4.3a shows discrimination against 18O associated with photosynthesis ( A18O) for 
sunflower, ivy, and maize as a function of the cm/ca ratio. A18O varies with cm/ca, as found in 
previous studies (Gillon and Yakir, 2000b; Barbour et al., 2016). For sunflower, we observe 

A18O values between 29 ‰ and 64 ‰ for cm/ca between 0.54 and 0.86. Ivy shows a relatively 
little variation of A18O around a mean of 22 ‰ for cm/ca between 0.48 and 0.58. For maize, 

A18O is lower than for the C3 plants measured in this study, with values between 10 ‰ and 
20 ‰ for cm/ca between 0.15 and 0.37.  
 
For sunflower changing the irradiance from 300 μmol m-2s-1 (low light, hereafter LL) to 1200 
μmol m-2s-1 (high light, hereafter HL) leads to a clear decrease in A18O (average 22 ‰). For 
maize, the A18O change is only 4.4 ‰ on average. For ivy, changing the light intensity does 
not significantly change the observed A18O. The solid lines in Figure 4.3a show results of leaf 
cuvette model calculations, where the dependence of A18O on cm/ca is explored for a set of 
calculations with otherwise fixed parameters. The model agrees well with the experimental 
results except for ivy, where the model overestimates the discrimination.  

4.4.3.  Discrimination against 17O of CO2  

 
The discrimination of photosynthesis against 17O of CO2 ( A 17O) is shown in Figure 4.3b. 

A 17O is negative for all experiments and it depends strongly on the cm/ca ratio and | A 17O| 
increases with cm/ca ratio. For instance, for 17O of CO2 entering the cuvette of -0.215 ‰, 

A 17O is -0.25 ‰ for maize with cm/ca ratio of 0.3, -0.3 ‰ for ivy with cm/ca ratio of 0.5 and 
-0.5 ‰ for sunflower with cm/ca ratio of 0.7 (Figure 4.3b). For sunflower and ivy, A 17O is 
also strongly dependent on the 17O of CO2 supplied to the cuvette, whereas no significant 
dependence is found for maize. For an increase in 17O of CO2 entering the cuvette from -
0.215 ‰ to 0.435 ‰, A 17O increases from -0.3 ‰ to -0.9 ‰ at cm/ca ratio of 0.5 for ivy. For 
sunflower, an increases 17O of CO2 entering the cuvette from -0.215 ‰ to 0.31 ‰ increases 

A 17O from -0.8 ‰ to -1.7 ‰ at cm/ca ratio of 0.8. The leaf cuvette model results illustrate 
the shape of the dependence on the cm/ca ratio and agree well with the experiments. For the leaf 
cuvette model, the 17O value of the water is assigned a constant value of -0.122 ‰ (average 

17O value for the bulk leaf water).  
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Figure 4.3 a) A18Oobs during photosynthesis for two C3 plants, sunflower (circles) and ivy (triangles) and C4 plant 
maize (stars) as a function of cm/ca. The solid lines show results from the leaf cuvette model, where 18O of the 
CO2 entering the cuvette is 30.47‰. b) A 17O of CO2 as a function of cm/ca for isotopically different CO2 gases 
entering the cuvette (color bar shows 17Oe) for sunflower (circles), ivy (triangles) and maize (stars). A 17O 
values calculated using the leaf cuvette model are shown as solid lines in corresponding colors ( 17Oe values given 
in the legend). The shaded areas indicate the cm/ca ranges for C4 and C3 plants and the vertical dashed lines indicate 
the mean cm/ca ratio used for extrapolating from the leaf scale to the global scale. Solid line are leaf cuvette model 
results for the corresponding cm/ca ratio.  

 
Figure 4.4b shows the same values of A 17O as a function of the difference between 17O of 
CO2 entering the leaf and the calculated 17O of leaf water at the evaporation site where CO2-
H2O exchange takes place ( 17Oa - 17Owes), for different cm/ca ratios. The leaf cuvette model 
results (solid lines in Figure 4.4b) suggest a linear dependence between A 17O and ( 17Oa - 

17Owes). The experimental results agree with the hypothesis that A 17O is linearly dependent 
on 17Oa - 17Owes at a certain cm/ca ratio. Figure 4.4a shows the corresponding relation where 

A 17O is divided by 17Oa- 17Om.  
 

 
Figure 4.4 a) Dependency of A 17O on the relative difference on the 17O CO2 entering the leaf and the 17O of 
CO2 in equilibrium with leaf water against cm/ca ratio. b) dependency of A 17O on the difference between the 

17O of CO2 entering the cuvette and the 17O of leaf water at the evaporation site color coded for different cm/ca 
ratios. The solid lines are results of the leaf cuvette model for different cm/ca ratios stated in the legend. The dashed 
vertical black line indicates the difference between the global average 17O value for CO2 (-0.168 ‰) and leaf 
water (-0.067 ‰) (Koren et al., 2019). The gray and yellow horizontal dashed lines indicate A 17O of C4 and C3 
plants for cm/ca ratio of 0.3 and 0.7, respectively globally.  
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All the values follow the same relationship as function of the cm/ca ratio, which can be 
approximated quite well by an exponential function (equation 4.5). This function quantifies the 
dependence of A 17O on cm/ca, and thus the effect of the diffusion of isotopically exchanged 
CO2 back to the atmosphere, which increases with increasing cm/ca ratio.  
 

 
(4.5) 

 
Figure 4.5 a and c show results from the leaf cuvette model that illustrates in more detail how 

17Oe and 17Owes affect 17Oa and A 17O and their dependence on cm/ca. At lower cm/ca, 
only a very small fraction of CO2 that has undergone isotopic equilibration in the mesophyll 
diffuses back to the atmosphere, and therefore 17Oa stays close to the incoming 17Oe, 
modified by the fractionation during CO2 diffusion through the stomata (Figure 4.5a). Figure 
4.5c confirms that indeed at low cm/ca, A 17O approaches the fractionation constant expected 
for diffusion, -0.170 ‰. This diffusional fractionation is independent of the isotopic 
composition of the CO2 entering the leaf, and therefore at low cm/ca, the A 17O curves for the 
different values of the anomaly of the CO2 entering the leaf converge. For a high cm/ca ratio, 
the back-diffusion flux of CO2 that has equilibrated with water becomes the dominant factor, 
and in this case, the isotopic composition of the outgoing CO2 converges towards this isotope 
value, independent of the isotopic composition of the incoming CO2 (Figure 4.5a). This can 
lead to a very wide range of values for the discrimination against 17O, because now the effect 
on 17O of the ambient CO2 depends strongly on the difference in isotopic composition 
between incoming CO2 and CO2 in isotopic equilibrium with the leaf water.  

 
Figure 4.5 a) and b) 17Oa as a function of cm/ca for various values of 17Oe (see legend) for 17Owes = -0.122 ‰ 
in a) and 17Owes = 0.300 ‰ in b). c) and d) show the corresponding values for A 17O. 17Oglobal is the global 
average 17O value for atmospheric CO2 (Koren et al., 2019). When 17O of CO2 entering the cuvette is 
approximately 0.2 ‰ lower than the 17O of leaf water at the CO2-H2O exchange site, 17O of the CO2 leaving 
the cuvette does not change when cm/ca vary. 
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In the model calculations shown in Figure 4.5b and d, the isotopic composition of the water 
was changed from 17Owes = -0.122 ‰ to 0.300 ‰, whereas all other parameters were kept the 
same. The value of 17Oe for which 17Oa does not depend on cm/ca is shifted accordingly, 
again being similar to 17Om. At low cm/ca A 17O converges to the same value as in Figure 
4.5c, confirming the role of diffusion into the stomata as discussed above.  

 
Figure 4.6 shows how 18O and 17O vary in key compartments of the leaf cuvette system that 
determine the oxygen isotope effects associated with photosynthesis, based on the previously 
established three-isotope slopes of the various processes (Figure 4.1). The irrigation water has 
a 17O value of 0.017. The measured bulk leaf water is 6-16 ‰ enriched in 18O and its 17O 
value is lower by -0.075 to -0.200 ‰ (mean value -0.121 ‰) than the irrigation water, 
calculated using a three-isotope slope of trans = 0.516 at 80 % humidity (Landais et al., 2006). 

17O of leaf water at the evaporation site, calculated from the transpired water, has slightly 
lower 17O, with values between -0.119 ‰ and -0.237 ‰ (average -0.184 ‰). Note that the 
bulk leaf water was not measured for all the experiments. For the experiments where the bulk 
leaf water is measured, 17O of leaf water at the evaporation site ranges from -0.160 ‰ to -
0.231 ‰ with an average value of -0.190 ± 0.020 ‰. The calculated isotopic composition of 
water at the exchange site was thus similar, but slightly lower in 17O than the values measured 
for bulk leaf water. CO2 exchanges with the water in the leaf with a well-established 
fractionation constant (see equation S4.17, supplementary material) and a three-isotope slope 
of CO2-H2O = 0.5229 (Barkan and Luz, 2012), leading to the lower 17O values of the 
equilibrated CO2. In our experiments, the 17O value of CO2 in equilibrium with leaf water is 
lower than the 17O value of CO2 entering the leaf. The 17O of the CO2 in the intercellular air 
space is a mixture between two end members, the 17O of the CO2 entering the leaf and 17O 
of the CO2 in equilibrium with leaf water. This explains why the observed values of A 17O 

are negative for the experiments performed in this study. 
 

 
Figure 4.6 Isotopic composition of various relevant oxygen reservoirs that affect the 17O of atmospheric CO2 
during photosynthesis: irrigation water (grey triangle), calculated leaf water at the evaporation site (brown circles), 
measured bulk leaf water (brown star), CO2 entering the cuvette (black circles), CO2 leaving the leaf cuvette 
(green circles), CO2 equilibrated with leaf water at the evaporation site (blue circles), CO2 equilibrated with bulk 
leaf water (blue stars). 17O is calculated with =0.528.  
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4.5. Discussion  
 

4.5.1.  Discrimination against 18O of CO2 

 
The higher A18Oobs values for sunflower compared to maize and ivy (Figure 4.3a) are mainly 
due to a higher back-diffusion flux (cm/(ca-cm)). The back-diffusion flux is higher for the C3 
plants sunflower and ivy than for the C4 plant maize, a consequence of the lower stomatal 
conductance and higher assimilation rate of C4 plants (Gillon and Yakir, 2000b; Barbour et al., 
2016). In C4 plants most of the CO2 entering the stomata is carboxylated by PEPC resulting in 
a lower CO2 mixing ratio in the mesophyll which results in a lower back-diffusion flux. The 
increase of assimilation rate with higher light intensity decreases the cm/ca ratio and thus leads 
to a lower back-diffusion flux, which explains the decreases of A18Oobs for maize and most 
clearly for sunflower. A similar trend of increase in A18Oobs with an increase in cm/ca ratio has 
been reported in previous studies (Gillon and Yakir, 2000a, b; Osborn et al., 2017). For ivy, 

A18Oobs and A17Oobs do not decrease with an increase in irradiance, because the change in 
assimilation rate with irradiance is small. Thus, cm will not decrease strongly and the effect on 
the back diffusion is smaller than the variability in A18Oobs of different leaves of the same 
plant.  

 
In our experiments, photosynthesis causes enrichment in 18O of atmospheric CO2 for both C3 
and C4 plants, i.e. positive values A18O. In principle, A18O can also be negative if the 18Om 
are depleted relative to the ambient CO2. This is in contrast to A13C, which will always be 
positive since it is determined by the fractionation due to the PEPC and RuBisCO enzyme 
activity (Figure S4.8 and S4.9, supplementary material). In general, in our experiments, the 

 values are about five times larger than , the  difference between 
CO2 entering and leaving the cuvette (Figure S4.10 to S4.12 supplementary material). This is 
easy to understand from the definition of A. Taking A18O as an example,

 and in our experiments,  = ce / (ce-ca)  500 / 
(500-400) = 5.  
  

4.5.2.  Discrimination against the 17O of CO2  

 
The leaf cuvette model includes the isotope fractionations of all the individual processes that 
have been quantified in dedicated experiments previously (Figure 4.1). The good agreement of 
the model results with the measurements (Figure 4.3a) demonstrates that when all these 
processes are combined in the quantitative description of a gas exchange experiment, they 
actually result in a correct quantification of the isotope effects associated with photosynthesis. 
This has already been demonstrated before for A18Oobs but has now been confirmed for 

A 17O.  
 
Unlike ivy and sunflower, maize does not show a significant change in A 17O when CO2 
gases with different 17O are supplied to the plant. The C4 plant maize has a small back-
diffusion flux due to its high assimilation rate and low stomatal conductance, leading to a low 
cm/ca ratio. At low cm/ca ratios, A 17O is expected to be close to the weighted fractionation 
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due to diffusion through boundary layer and stomata. In general, the effect of diffusion on 17O 
of atmospheric CO2 can be expressed as follows: 
 

 (4.6) 

where 17Oa is the 17O of the CO2 surrounding the leaf, 17Omodified is the 17O of the CO2 
modified due to diffusional fractionation and diffusion, RL and diffusion are the oxygen three-
isotope relationships during diffusion from the CO2-H2O exchange site to the atmosphere, the 
reference slope used and the fractionation against 18O for CO2 during diffusion through the 
stomata. Using the values RL = 0.528, diffusion = 0.509 (Young et al., 2002) and diffusion=0.9912 
(Farquhar and Lloyd, 1993), the effect of diffusional fractionation on the 17O of atmospheric 
CO2 is -0.168 ‰ regardless of the anomaly of the CO2 entering the leaf, and the model results 
confirm this at low cm/ca ratio (Figure 4.5 c and d, inset).  
 
At a high cm/ca ratio, 17Oa is dominated by the back-diffusion flux of CO2 that has equilibrated 
with water. As a consequence, 17Oa converges to a common value that is independent of the 
anomaly of the CO2 entering the cuvette and is determined by the isotopic composition of leaf 
water. Figure 4.5 confirms that the end member is equal to the 17O of CO2 in equilibrium with 
leaf water, 17Om. In fact, when 17Oa = 17Om, 17Oa does not change with cm/ca, indicating 
that in this case the 17O of the CO2 diffusing back from the leaf is the same as the 17O(CO2) 
entering the leaf.  
 

is the overall discrimination occurring during the diffusion of 12C18O16O from the ambient 
air surrounding the leaf to the CO2-H2O exchange site (see Table 4.2 for the list of variables). 
In our study  ranges from 5 ‰ to 7.2 ‰, lower than the literature estimate of 7.4 ‰ 
(Farquhar et al., 1993).  depends on the ratio of stomatal conductance, which is associated 
with a strong fractionation of 8.8 ‰, to mesophyll conductance with an associated fractionation 
of only 0.8 ‰. Therefore, the higher the ratio (gs/gm18) the lower the  (Table S4.2, 
supplementary material). The difference in  of 2.4 ‰ between the literature value of 7.4 ‰ 
and the lowest  estimate in this study will introduce an error of only 0.046 ‰ in the 17O 
value (see equation 4.6). The uncertainty  has lower influence on the A 17O of C3 plants 
compared to C4 plants since the diffusional fractionation is less important at the higher cm/ca 
ratio where C3 plants operate.  
 

4.5.3.  Global average value of A 17O and 17O isoflux 

 
We can use the established relationship between A 17O and 17Oa - 17Owes for a certain cm/ca 
ratio to provide a bottom-up estimate for the global effect of photosynthesis on 17O in 
atmospheric CO2, based on data obtained in real gas exchange experiments. For this, we use 
results from a recent modeling study, which provides global average values for CO2 and leaf 
water ( 17O(CO2) = -0.168 ‰, 17O(H2O-leaf) = -0.067 ‰; (Koren et al., 2019); Figure S4.13 
and 4.14, supplementary material). The 17O(CO2) values agree well with the limited amount 
of available measurements (Table 4.3).  
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Table 4.3 Summary for the parameters used of the extrapolation of leaf scale experiments to the global scale and 
the results obtained, and 17O value of tropospheric CO2 available measurements.  
 

Parameters and values used for global estimation 
Parameter  Value  ref 
GPP 120 PgCyr-1 (Beer et al., 2010) 
fC4 23 % (Still et al., 2003) 
fC3 77 % (Still et al., 2003) 
cm/ca (C3) 0.7 (Hoag et al., 2005) 
cm/ca (C4) 0.3 (Hoag et al., 2005) 

17O leaf water (global mean, modelled)  -0.067±0.04 ‰  (Koren et al., 2019) 
17O CO2 (global mean, modelled) -0.168±0.013 ‰ (Koren et al., 2019) 
A 17O (global mean for C4) -0.3±0.18 ‰ (Figure 4.5b, for cm/ca 

ratio of 0.3) 
A 17O (global mean for C3) -0.65±0.18 ‰  (Figure 4.5b, for cm/ca 

ratio of 0.7) 
A 17O (global mean for whole vegetation) -0.57±0.14 ‰ (Equation 4.13) 
A 17O-isoflux (global mean for C4) -7.3±4 ‰PgCyr-1 (Equation 4.14, only for 

C4) 
A 17O-isoflux (global mean for C3) -53±15 ‰PgCyr-1 (Equation 4.14, only for 

C3) 
A 17O-isoflux (global mean for whole 

vegetation) 
-60±15 ‰PgCyr-1 (equation 4.14) 

A 17O-isoflux (global mean for whole 
vegetation) 

-47 ‰PgCyr-1 (Hoag et al., 2005) 

A 17O-isoflux (global mean for whole 
vegetation) 

-42 to -92 
‰PgCyr-1 

(Hofmann et al., 2017) 

17O value of tropospheric CO2  
17O(CO2) for CO2 samples collected in La 

Jolla-UCSD (California, USA) (1990 to 
2000) 

-0.173±0.046 ‰ (Thiemens et al., 2014) 

17O(CO2) for CO2 samples collected in 
Israel 

0.034±0.010 ‰ (Barkan and Luz, 2012) 

17O(CO2) for CO2 samples collected in 
South China sea (2013-2014) 

-0.159±0.084 ‰ (Liang et al., 2017a; 
Liang et al., 2017b) 

17O(CO2) for CO2 samples collected in 
Taiwan (2012-2015) 

-0.150±0.080 ‰ (Liang et al., 2017a; 
Liang et al., 2017b) 

17O(CO2) for CO2 samples collected in 
California (USA)  (2015) 

-0.177±0.029 ‰ (Liang et al., 2017a; 
Liang et al., 2017b) 

17O(CO2) for CO2 samples collected in 
Göttingen (Germany)  (2010-2012) 

-0.122±0.065 ‰ (Hofmann et al., 2017) 

 
To extrapolate A 17O determined in the leaf scale experiments to the global scale, global 
average cm/ca ratios of 0.7 and 0.3 are used for C3 and C4 plants, respectively, similar to 
previous studies (Hoag et al., 2005; Liang et al., 2017b). From SIBCASA model results we 
obtained an annual variability of ci/ca values with a standard deviation of 0.12 and 0.17 for C4 
and C3 plants respectively (Figure S4.15, supplementary material) (Schaefer et al., 2008; Koren 
et al., 2019). We use this variability as upper limit of the error estimate for cm/ca as shown in 
the light orange and light pink shaded areas in Figure 4.4b. This error is converted to an error 
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in A 17O using the relation with cm/ca. Based on the linear dependency of A 17O and 17Oa-
17Owes, we estimate the A 17O for tropospheric CO2 based on the 17O of leaf water and 

cm/ca ratio. In Figure 4.4b, the dashed black vertical line indicates 17Oa- 17Owes obtained from 
the 3D global model (Koren et al., 2019). The results of the global estimate and parameters 
used for the extrapolation of leaf scale study to the global scale are summarized in Table 4.3.  
 
The 17O value of atmospheric CO2 (21.53 ‰) is calculated from the global 18O and 17O 
values ( 41.5 ‰ and -0.168 ‰, respectively) (Koren et al., 2019). The 17O and 18O values of 
global mean leaf water are calculated from the soil water. A global mean 18O value of soil 
water is -8.4 ‰ assuming soil water to be similar to precipitation (Bowen and Revenaugh, 
2003; Koren et al., 2019). The 17O value of soil water is -4.4 ‰, calculated using equation 4.7 
(Luz and Barkan, 2010).  

 
 (4.7) 

 
17O and 18O of leaf water are calculated from 17O and 18O of soil water with fractionation 

factors of 1.0043 and 1.0084, respectively (Hofmann et al., 2017; Koren et al., 2019). The 
fractionation factor for 17O is calculated using  with trans =0.516, assuming 
relative humidity to be 75 % (Landais et al., 2006). The 17O and 18O values of global mean 
leaf water are then -0.136 ‰ and -0.131 ‰, respectively. Thus, the difference between global 
atmospheric CO2 and leaf water is 17OCO2 – water = 21.666 ‰ and 18O CO2 – water = 41.631 ‰. 
This yields 17O CO2 – water = -0.101 ‰, and this value is indicated as dashed black line in Figure 
4.4. The grey shaded area indicates the propagated error using the standard deviation of the 
relevant parameters in 180 x 360 grid boxes for 12 months of leaf water and 45 x 60 grid boxes 
for 24 months for CO2 (Koren et al., 2019). In Figure 4.4b, the intersection between the dashed 
black vertical line and the discrimination lines for the representative cm/ca ratios of C3 and C4 
plants corresponds to the A 17O value of C3 and C4 plants. For C4 plants (cm/ca = 0.3) this 
yields A 17O = -0.3 ‰ (gray dashed line in Figure 4.4b) and for C3 plants (cm/ca = 0.7), 

A 17O = -0.65 ‰ (black dashed line in Figure 4.4b).  
 

Three main factors contribute to the uncertainty of the extrapolated A 17O value. The first is 
the measurement error, which contributes 0.25 ‰ (standard error for individual experiments). 
The second factor is the uncertainty in the difference between 17O of atmospheric CO2 and 
leaf water, and we use results from the global model to estimate an error. For 17O of 
atmospheric CO2, statistics for all 45 x 60 grid boxes for 24 months (2012-2013) show a range 
of -0.218 ‰ to -0.151 ‰, with a mean of -0.168 ‰ and a standard deviation of 0.013 ‰ (Figure 
S4.13, supplementary material). For 17O of the leaf water statistics for all 180 x 360 grid 
boxes for 12 months show a range of -0.236 ‰ and -0.027 ‰ (Figure S4.14, supplementary 
material). The mean is -0.067 ‰ with a standard deviation of 0.041 ‰. From the combined 
errors we estimate the error in ( 17Oa - 17Owes) to be 0.043 ‰. The third uncertainty in the 
extrapolation of 17O comes from the uncertainty in the cm/ca ratio. For C3 and C4 plants, these 
errors are indicated by the light orange and light blue shadings in Figure 4.4b.  
 
Taking these uncertainties into account leads to a mean value of A 17O = -0.3±0.18 ‰ for C4 
plants and A 17O = -0.65±0.18 ‰ for C3 plants. The leaf scale discrimination against 17O is 
then extrapolated to global vegetation using these representative values of A 17O and the 
relative fractions of photosynthesis by C4 and C3 plants, respectively as:  
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 (4.8) 

 
where fC4 and fC3 are the photosynthesis weighted global coverage of C4 and C3 vegetation. 

A 17OC4 and A 17OC3 quantify the discrimination against 17O by C4 and C3 plants, which 
are calculated using estimated values of cm/ca from a model. Using assimilation weighted 
fractions of 23 % for C4 and 77 % for C3 vegetation (Still et al., 2003), the global mean value 
of A 17O obtained from equation 4.8 is -0.57±0.14 ‰.  

 
Isoflux is the product of isotope composition and gross mass flux of the molecule. In the case 
of assimilation, the net flux  is multiplied with the discrimination associated 
with assimilation (Ciais et al., 1997a). FLA and FAL are total CO2 fluxes from leaf to the 
atmosphere and from atmosphere to leaf, respectively. The global scale 17OA isoflux is 
calculated by multiplying the discrimination with the assimilation flux as:  

 
 (4.9) 

where, A=0.88 GPP is the terrestrial assimilation rate. The factor 0.88 accounts for the fraction 
of CO2 released due to autotrophic respiration (Ciais et al., 1997a). The A 17O isoflux due to 
photosynthesis is calculated using a GPP value of 120 PgCyr-1 (Beer et al., 2010) and 
A=0.88 GPP, resulting in an isoflux of -60±15 ‰ PgCyr-1 globally. This is the first global 
estimate of A 17O based on direct measurements of the discrimination during assimilation. 
Our value is in good agreement with previous model estimates. Hofmann et al. (2017) 
estimated an isoflux ranging from -42 to -92 ‰PgCyr-1 (converted to a reference line with 
=0.528) using an average cm/ca ratio of 0.7 for both C4 and C3 plants and 17O of -0.147 ‰ 

for atmospheric CO2. A model-estimated value from (Hoag et al., 2005) is -47 ‰PgCyr-1 

(converted to our reference slope of =0.528), derived with a more simple model and using 
17O of -0.146 ‰ with cm/ca ratio of 0.33 and 0.66 for C4 and C3 plants, respectively.    

 
The main uncertainty in the extrapolation of A 17O from the leaf experiments to the global 
scale is the uncertainty in the cm/ca ratio. The error from the uncertainty in cm/ca ratio increases 
when the relative difference in 17O between CO2 and leaf water increases (Figure 4.5b). It is 
difficult to determine a single representative cm value for different plants because this value 
would need to be properly weighted with temperature, irradiance, CO2 mole fraction and other 
environmental factors (Flexas et al., 2008; 2012; Shrestha et al., 2019). Recent developments 
in laser spectroscopy techniques (McManus et al., 2005; Nelson et al., 2008; Tuzson et al., 
2008; Kammer et al., 2011) might enable more and easier measurements of cm/ca both in the 
laboratory and under field conditions. This could lead to a better understanding of variations 
in the cm/ca ratio among plant species and, temporally, spatially and environmentally.  
 

4.6. Conclusions  
 

In order to directly quantify the effect of photosynthetic gas exchange on the 17O of 
atmospheric CO2, gas exchange experiments were carried out in leaf cuvettes using two C3 
plants (sunflower and ivy) and one C4 plant (maize) with isotopically normal and slightly 
anomalous (17O-enriched) CO2. Results for 18O agree with results reported in the literature 
previously. Our results for 17O confirm that the formalism developed by Farquhar and others 
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for 18O is also applicable to the evaluation of 17O. In particular, our experiments confirm that 
two parameters determine the effect of photosynthesis on CO2: 1) the 17O difference between 
the incoming CO2 and CO2 in equilibrium with leaf water and 2) the cm/ca ratio, which 
determines the degree of back-flux of isotopically exchanged CO2 from the mesophyll to the 
atmosphere. At low cm/ca ratios, A 17O is mainly influenced by the diffusional fractionation. 
Under our experimental conditions, the isotopic effect increased with cm/ca, e.g. A 17O was -
0.3 ‰ and -0.65 ‰ for maize and sunflower with cm/ca ratios of 0.3 and 0.7, respectively. 
However, experiments with mass independently fractionated CO2 demonstrate that the results 
depend strongly on the 17O difference between the incoming CO2 and CO2 in equilibrium with 
leaf water. This is supported by calculations with a leaf cuvette model.  

18O is largely affected by kinetic and equilibrium processes between CO2 and leaf water, and 
also leaf water isotopic inhomogeneity and dynamics. The 17O variation is much smaller 
compared to 18O and is better defined since conventional bio-geo-chemical processes that 
modify 17O and 18O follow a well-defined three-isotope fractionation slope. Results from the 
leaf exchange experiments were upscaled to the global atmosphere using modeled values for 

17O of leaf water and CO2, which results in A 17O = -0.57 ± 0.14 ‰ and a value for the 
17O isoflux of -60 ± 15 ‰ PgCyr-1. This is the first study that provides such an estimate based 

on direct leaf chamber measurements, and the results agree with previous 17O calculations. 
The largest contribution to the uncertainty originates from uncertainty in the cm/ca ratio and the 
largest contributions to the isoflux come from C3 plants, which have both a higher share of the 
total assimilation and higher discrimination. A 17O is less sensitive to cm/ca ratios at lower 
values of cm/ca, for instance for C4 plants, maize. 

17O of tropospheric CO2 is controlled by photosynthetic gas exchange, respiration, soil 
invasion, and stratospheric influx. The stratospheric flux is well established and the effect of 
photosynthetic gas exchange can now be quantified more precisely. To untangle the 
contribution of each component to the 17O atmospheric CO2 we recommend measuring the 
effects of foliage respiration and soil invasion both in the laboratory and at the ecosystem scale.  
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4.7. Supplementary material  
 

4.7.1. Gas exchange parameters  

 
Leaf exchange parameters are calculated following von Caemmerer and Farquhar (1981). 
The transpiration rate (E) is calculated from the air flowrate, leaf area and concentration of 
water vapor entering and leaving the cuvette as: 

 (S4.1) 

where we, wa are the mole fractions of water entering (e) and leaving (a) the cuvette, ue is the 
flowrate of air entering the cuvette and s is the leaf surface area. The assimilation rate (An) is 
calculated as:  
 

 
(S4.2) 

where ce and ca are the mole fractions of CO2 leaving and entering the cuvette. The total 
conductance for water vapor (gtwa) is calculated as:  

 
(S4.3) 

where wi is the water vapor mole fraction in the intercellular air space (calculated assuming 
saturation at ambient temperature) and wa is the mole fraction of water vapor leaving the 
cuvette. The mole fraction of CO2 in the intercellular air space is calculated as:  
 

 
(S4.4) 

where gtca is the total conductance for CO2. For a detailed derivation of the leaf exchange 
parameters, the reader is referred to von Caemmerer and Farquhar (1981).  
 

4.7.2. Isotopic composition of water at the evaporation site 

 
Using mass balance for the air entering and leaving the cuvette, the 18O of the transpired 
( 18Otrans) water is calculated according to (Harwood et al., 1998):  
 

 (S4.5) 

 
where 18Owe and 18Owa are 18O values of water vapor entering and leaving the cuvette and 
wa and we are the mole fractions of water vapor entering and leaving the cuvette. 17O is 
calculated based on the triple isotope relationship for transpiration,  where 
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 (Landais et al., 2006). h is the relative humidity, 0.3  h 1, which 
is calculated as  ; wi is the saturation mole fraction of water vapor in the intercellular 
air space.  
 
Leaf water at the site of evaporation becomes enriched during evaporation and/or transpiration 
since the heavier isotopologues diffuse slower than the lighter ones (Flanagan et al., 1991; 
Flanagan, 1993; Yakir and Sternberg, 2000). The degree isotopic enrichment due to the phase 
change from water to vapor (evaporation) and diffusion is described by the modified Craig and 
Gordon model (Craig and Gordon, 1965), including resistance to boundary layer and stomata 
diffusion as described by (Farquhar et al., 1989b; Flanagan et al., 1991; Flanagan, 1993). 
Measurement of the isotopic composition of air entering and leaving the cuvette allows 
determining the isotopic composition of water at the evaporation site even if it is not in steady 
state as described in (Farquhar et al., 1989b; Flanagan et al., 1991; Harwood et al., 1998). The 

18O of leaf water at the site of evaporation ( 18Owes) is:  
 

 (S4.6) 

where  and  are the kinetic fractionation of water vapor in air and the equilibrium 
fractionation between liquid and gas phase water, respectively. The equilibrium fractionation 
is temperature dependent (Bottinga and Craig, 1968) and calculated as:  
 

 
(S4.7) 

where T is the temperature in Kelvin. H218O has a lower vapor pressure and diffuses slower 
than H216O (Farquhar and Lloyd, 1993). The kinetic isotope effect due to diffusion k, is the 
weighted sum of the fractionations of water isotopologues during diffusion through the stomata 
in the air ( ks) and through the boundary layer ( kb) (Farquhar and Lloyd, 1993). According to 
Merlivat (1978) and Barkan and Luz (2007) the fractionation factor for H218O as it diffuses 
through stomata is 28 ‰ ( ). According to Farquhar and Lloyd (1993) , i.e, 
the fractionation factor as H218O diffuses through the boundary layer is 19 ‰ ( ). The 
kinetic fractionation of H218O as it diffuses through stomata and boundary layer is given by 
equation S4.8 (Farquhar and Lloyd, 1993). 
 

 
(S4.8) 

 
where gb and gs are boundary layer conductance and stomatal conductance respectively. The 
fractionation factors for H217O for diffusion through stomata and boundary layer are 14.6 ‰ 
and 9.7 ‰, respectively (Barkan and Luz, 2007). 17Owes can be calculated using a similar 
equation as 18Owes if 17Owa and 17Owe are known, for this study we calculated 17Owes 
assuming that the irrigation water (IRW) is the same as soil water. 
 

1
1

1  
(S4.9) 
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4.7.3. Mole fraction of CO2 at the site of CO2-H2O exchange  

 
The CO2 mole fraction at the site of CO2-H2O exchange is calculated as shown in equation 
S4.10 following (Farquhar and Cernusak, 2012; Osborn et al., 2017; Barbour et al., 2016). 
 

 
(S4.10) 

 
where 18Oi is 18O of CO2 in the intercellular airspace (Farquhar and Cernusak, 2012), 
 

 
(S4.11) 

 
The ternary correction factor t18 is calculated as: 

 

(S4.12) 

 
gtac is the conductance as CO2 diffuses through the boundary layer and stomata, a18bs is the 
weighted 18O fractionation for CO2 diffusion across the boundary layer and stomata in series. 
 

 
(S4.13) 

 
18Oio is the 18O of CO2 in the intercellular air spaces ignoring the ternary correction and it 

is given by (Farquhar and Cernusak, 2012). 
 

 (S4.14) 

 
where  is the 18O fractionation of CO2 for dissolution and diffusion in water (0.8 ‰) and 

 and  are the 18O fractionation of CO2 as it diffuses through stomata (8.8 ‰) and the 
boundary layer (5.8 ‰), respectively (Farquhar et al., 1982; Farquhar and Lloyd, 1993). The 
oxygen isotope composition of the assimilated CO2 is calculated from a mass balance using 
the mole fraction and isotope composition of CO2 entering and leaving the cuvette: 
 

 
(S4.15) 

 
 is the fractionation of 18O of CO2 during diffusion and dissolution in water (0.8 ‰) 

(Farquhar and Lloyd, 1993), 18OA is the 18O of the assimilated CO2 and 18Om is the 18O of 
CO2 in equilibrium with leaf water at the CO2-H2O exchange site. Assuming that the isotopic 
composition of leaf water at the CO2-H2O exchange site is the same as the 18O of leaf water 
at the evaporation site, 18Om can be calculated as:  
 

 (S4.16) 
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The equilibrium fractionation between CO2 and water ( ) is temperature dependent and is 
calculated after Brenninkmeijer et al. (1983) as: 
 

 
(S4.17) 

 
where T is leaf temperature. Analogous to 18O, the mole fraction of CO2 in the mesophyll cell 
can be calculated using 17O values. The 18O fractionation ( 18-1) for dissolution is -0.8 ‰ 
(Vogel.J.C. et al., 1970). The corresponding 17O fractionation is -0.418 ‰, calculated from the 
18O fractionation due to equilibrium dissolution using CO2-H2O = 0.5229 (Barkan and Luz, 
2012). We assume that the 17O fractionation during diffusion in water is the same as the 
fractionation against 13CO2 (Farquhar and Lloyd, 1993) and use the average fractionation 
determined for 13CO2 of 0.8 ‰ (average of 0.7 ‰ (O'Leary, 1984) and 0.9 ‰ (Jähne et al., 
1987)). The 17O fractionation due to the sum of the equilibrium dissolution and diffusion in 
water is then  0.382 ‰. Similar to (Farquhar and Lloyd, 1993), using the principle of 
binary diffusivities (Mason and Marrero, 1970) ,  and  are 4.4 ‰ and 2.9 ‰ using the 
power of 2/3 relationship between the boundary layer and stomatal conductance fractionation 
( b = s2/3) obtained by Farquhar and Lloyd (1993). 
 
For calculating the isotopic composition at the site of oxygen isotope exchange, we assume 
that the isotopic composition of CO2 is fully equilibrated with water at the evaporation site. 
This includes the implicit assumption that the isotopic composition of the leaf water at the CO2-
H2O exchange site is the same as at the site of evaporation. The 17O of CO2 at the CO2-H2O 
exchange site ( ) is then calculated using the triple oxygen isotope ratio relationship, 

.  
 

1
1

1  
(S4.18) 

 
where CO2-H2O is 0.5229 (Barkan and Luz, 2012).  
 

4.7.4. Mole fraction of CO2 at the site of assimilation   

 
 For the C3 plants, cc is calculated following (Farquhar and Cernusak, 2012) as:  
 

 

(S4.19) 

 
where A13Cobs is the observed discrimination against 13C and A13Ci is the discrimination that 
can be calculated for infinite mesophyll conductance (no mesophyll resistance). t13 is a ternary 
correction factor (considers the collisions between air and CO2, air and H2O, CO2 and H2O), b 
is the fractionation due to uptake by Rubisco, and am is the sum of the fractionations associated 
with 13CO2 dissolution in and diffusion through water, respectively. e, Rd, e, b and P are the 
fractionations during day respiration (decarboxylation), the day respiration rate, the 
fractionation factor for day respiration with respect to net assimilation, the fractionation factor 
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for C3 carboxylation, and the pressure of the air surrounding the leaf, respectively. A detailed 
description of the equations, best fit parameters and definitions of discrimination factors are 
given in Table 4.3. 
 

4.7.5. Derivation of the 18O- and 17O-photosynthetic discrimination  

 
The assimilation rate for C16O16O is calculated as: 
 

 (S4.20) 

 
where An, rm, ca, cm are the assimilation rate, the resistance as CO2 diffuses from the air 
surrounding the leaf to the CO2-H2O exchange site, the mole fraction of CO2 in the air 
surrounding the leaf and at the CO2-H2O exchange site, respectively (Farquhar and Lloyd, 
1993). The assimilation rate for C18O16O is calculated as: 
 

  where n is 17 or 18 (S4.21) 

 
nm is the fractionation factor as C18O16O or C17O16O diffuse from the air surrounding the leaf 

to the CO2-H2O exchange site. Dividing equation S4.22 by equation S4.29 leads to: 
 

 
(S4.22) 

 

 

(S4.23) 

 

 
(S4.24) 

 

 
(S4.25) 

Using the definitions  
 

 
(S4.26) 

 
and  
 

 
(S4.27) 
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this can be written as  
 
 

 
(S4.28) 

 

 
(S4.29) 

 

4.7.6. Comparison of equations used in global models and in this study to 
calculate 17O-photosynthtic discrimination 

 
The discrimination against 17O associated with assimilation in global models, assuming 
complete equilibration between CO2 and H2O, is calculated from equation S4.30 (Hofmann et 
al., 2017; Liang et al., 2017b; Koren et al., 2019). 
 

 (S4.30) 

 
,is the weighted mean discrimination occurring during the diffusion of 12C18O16O from the 

ambient air to the CO2-H2O exchange site and it is estimated to be 7.4 ‰ (Farquhar et al., 
1993). This value has been adopted in several global studies of 18O(CO2) (Ciais et al., 1997a; 
1997b; Cuntz et al., 2003a; 2003b) and the global 17O studies (Hofmann et al., 2017; Liang 
et al., 2017b; Koren et al., 2019). =0.509 is the three-isotope coefficient associated 
with fractionation of C17OO as it diffuses through air relative to C18OO (Young et al., 2002) 
and  =0.528 (the reference slope used in this study). 17Om and cm are the oxygen isotope 
anomaly and mole fraction of CO2 at the CO2-H2O exchange site, respectively.  
 
A good approximation for the observed 18O-discrimination can be derived from the leaf 
exchange parameters (Farquhar and Lloyd, 1993):  
 

 
(S4.31) 

 
The subscript FM stands for Farquhar model. 18Oma is the enrichment in 18O of CO2 in full 
isotopic equilibrium with water at the exchange site relative to the CO2 in the surrounding air, 
calculated as: 
 

 
(S4.32) 

 
18Om is the isotope composition of CO2 in equilibrium with leaf water at the CO2-H2O 

exchange site (equation S4.16). In the global models (Hofmann et al., 2017; Liang et al., 2017b; 
Koren et al., 2019), 17O-photosynthetic discrimination shown in equation S4.30 is derived 
from A17OFM and A18OFM as shown from equation S4.33. 
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(S4.33) 

 
Note that,  and . 
 

4.7.7. Calibration and characterization of the water vapor isotope analyzer 
(WVIA) 

 
Based on the calibration using five water standards, a working standard was prepared to correct 
for short-term variability and to determine the non-linearity (dependency of D and 18O on 
the water vapor mole fraction). Each day the WVIA was calibrated with 3 standards that cover 
the isotopic composition of the samples measured ( 18O value of -24.777 ‰, -8.640 ‰ and 
0.11 ‰, provided by IAEA (Wassenaar et al., 2018)), see Figure S4.2. Figure S4.3, shows the 
results of the non-linearity tests. All three isotope signatures of water vapor showed a different 
dependence on the mole fraction of water vapor measured. The 18O is independent of the mole 
fraction above 11000 ppm but decreases at lower mole fraction until 4000 ppm, and then 
increases again. 17O is relatively stable for mole fractions higher than 17000 ppm, but 
increases strongly and in a non-linear manner below. Similarly, D is independent of the mole 
fraction of water vapor above 10000 ppm but increases non-linearly below. 18O, 17O and D 
values measured with the WVIS are dependent on the type of carrier gas used when measuring 
liquid samples as shown for pure N2 and zero air used as a carrier gas, Figure S4.3 (Johnson 
and Rella, 2017). To investigate how the precision of the isotope values depends on the 
averaging time, Allan deviation (square root of Allan variance) curves are shown in Figure 
S4.4. All three isotope signatures of water vapor show a similar pattern. The optimum precision 
is reached at averaging times of 16.7 minutes for 18O and D and 15 minutes for 17O (Figure 
S4.4). Note that the 17O measurements of water vapor are not calibrated to an international 
isotope scale for our experiments.  
 

4.7.8. Water extraction and analysis  

 
The vial containing the leaf was frozen using a liquid nitrogen bath and connected to another 
empty vial by glass tubing. The system was then evacuated using a membrane pump (KNF 
Neuberger, Germany), (Figure S4.5). The pressure was monitored with a Dual pressure sensor 
(DualTrans transducer, MKS, USA). After the target vacuum was reached (1mbar or below) 
the extraction system was isolated from the pump. The vial containing the leaf was placed into 
a heater block (ORI BLOCK DB-1, Techne, England) while the empty vial was kept at liquid 
nitrogen temperature for 4 hr (Figure S4.5). The extracted leaf water,  0.7 ml (determined 
based on weight by measuring the leaf weight before and after extraction), was collected in a 
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2 ml vial (Autosampler vials, National Scientific, the Netherlands) using a pipette and kept in 
the freezer at -20 oC before isotopic analysis. 
 

17O of leaf water is measured using a fluorination method. The water was converted to O2 
using CoF3 as fluorinating reagent and the O2 was collected in a sample tube immersed in liquid 
Helium (-270 oC). Finally, 17O and 18O of O2 were measured with an isotope ratio mass 
spectrometer (ThermoQuest MAT 253 Finnigan, Germany) in dual inlet mode. The 
measurement reproducibility for two replicates is 0.015 ‰, 0.010 ‰ and 0.005 ‰ for 17O, 

18O and 17O, respectively. 
 

4.7.9. Leaf cuvette model   

 
In the simple leaf cuvette model, we partitioned the leaf into three different compartments: the 
intercellular air space, the mesophyll cell, and the chloroplast, as shown in Figure S4.7. For 
this model, we assumed an infinite boundary conductance. The conductance from the 
intercellular air space to the chloroplast, where assimilation takes place (mainly for the C3 
plants), is represented by gm13. The conductance from the intercellular air space to the 
mesophyll, where the CO2-H2O exchange occurs is expressed as gm18.  
 

4.7.9.1. CO2 balance 
 
First, we solve for the CO2 mole fractions in the atmosphere (ca), the intercellular air space (ci), 
the mesophyll cell (cm) and the chloroplast (cc). The main assumptions in the leaf cuvette model 
are:  

The system is in steady state  

The mixing in the cuvette is perfect (i.e. ca = co) 
Boundary layer resistance can be neglected 
The conductance between intercellular space and mesophyll is assumed to be 3 times 
higher than the conductance between intercellular space and chloroplast (i.e. gm18 = 3 

 gm13).  
 

We modeled a 100 ppm downdraw of CO2 for each photosynthesis experiment. The mole 
fractions of CO2 entering and leaving the cuvette are 500 ppm and 400 ppm, respectively. The 
leaf area, flowrate and assimilation rate used in the model are 30 cm2, 0.7 L min-1 and 20.0 mol 
m-2s-1, respectively.  The CO2 mole fractions in all leaf reservoirs are calculated for each given 
cm/ca ratio, by assuming gm18 = 0.3 mol m-2s-1). 
 
Next, we assume an initial value for the C18OO mole fraction inside the cuvette (ca,C18OO). From 
the mole fractions ca,C18OO and cm,C18OO and the conductance gs,C18OO and gm18,C18OO we can 
calculate the inflow of C18OO into the intercellular air space. Since the system is in steady 
state, the inflow and outflow of C18OO for the intercellular air space are equal and hence we 
can determine the mole fraction ci,C18OO. The ingoing C18OO is known from the airflow rate 
and ce,C18OO, the outgoing C18OO depends on the airflow rate and ca,C18OO and the plant uptake 
of C18OO is An,C18OO = gs,C18OO  (ca,C18OO – ci,C18OO). By using an iterative procedure we can 
improve our estimate for ca,C18OO. Note that for each update in ca,C18OO, we also update the 
corresponding ci,C18OO 
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4.7.9.2. 13CO2 balance 

 
Next, we calculate the steady state 13CO2 mole fractions in the different model reservoirs and 
subsequently, we determine the discrimination 13C. The additional assumptions used are: 

For the fractionation factors we use a13s = 4.4, am = 1.8 ‰ and b = 29 ‰  
The uptake of CO2 scales linearly with the CO2 mole fraction in the chloroplast (An = 
k  cc). Similarly, for 13CO2 we have: An,13CO2 = k  (1 - b)  Cc,13CO2  

 
We solve the steady state 13CO2 balance by performing 2 nested iterations. We start with an 
initial guess for the atmospheric 13CO2 mole fraction (Ca,13CO2) and for the photosynthetic 
uptake of 13CO2 (An,13CO2). In the ‘inner’ iteration loop we use ca13,CO2 and An,13CO2 to calculate 
the 13CO2 mole fractions in all leaf reservoirs. From the 13CO2 mole fraction in the chloroplast 
(cc,13CO2) and the linear assimilation factor (k  (1 - b)) we can calculate the corresponding 
An,13CO2 and compare this to our initial guess. Using an iterative procedure, we can find the 
An,13CO2 that corresponds to the assumed ca,13CO2.  
The ‘outer’ iteration loop is aimed at finding the steady state atmospheric 13CO2 mole fraction 
(ca,13CO2) using a mass balance for 13CO2. We know the 13CO2 mole fraction of the ingoing air 
(cin,13CO2), we have assumed value for outgoing air (ca,13CO2) and have calculated the 
corresponding photosynthetic uptake (An,13CO2). From the resulting imbalance, we can come 
up with a new guess for ca,13CO2. After each update of our estimate for ca,13CO2, we repeat the 
‘inner’ iteration loop to update An13,CO2. 
 

4.7.9.3.  C18OO balance 
 
The additional assumptions for solving the C18OO balance are: 

For the fractionation of C18OO for diffusion through stomata and diffusion into the 
mesophyll cell, we used a18s = 8.8 ‰ and a18w = 0.8 ‰, respectively 
The isotopic exchange between CO2 and water in the mesophyll is fast enough to 
reach complete equilibration, which is a function of temperature 
Isotopic equilibration between CO2 and water does not occur in the intercellular air 
space  

We set the leaf water signature to 18Oleaf = 10.467 ‰ VSMOW and the leaf water temperature 
to Tleaf = 22°C, from which we can calculate the 18O signature and therefore (using cm from 
above) the C18OO mole fraction in the mesophyll (cm, C18OO). Next, we assume a starting value 
for the C18OO mole fraction inside the cuvette (ca, C18OO). From the steady state mass balance, 
we can then determine the mole fraction ci, C18OO . The ingoing C18OO is 
known from the airflow rate and ce,C18OO, the outgoing C18OO depends on the airflow rate and 
ca,C18OO and the plant uptake of C18OO is An,C18OO =  gs,C18OO  (ca,C18OO – ci,C18OO).  
 
A similar mass balance is implemented for C17OO, the fractionation of C17OO for diffusion 
through stomata is a17s = 4.4 ‰ and for diffusion into the mesophyll cell we used and a18w = 
0.382 ‰, respectively. We set the leaf water signature to 18Oleaf = 5.39 ‰ VSMOW.  
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4.7.10. 13C-photostnthetic discrimination  

 
The isotope discrimination against 13C ( A13C) associated with photosynthesis for the three-
plant species is shown in Figure S4.8 a) and b) as a function of cc/ca and ci/ca for C3 and C4 
plants, respectively. Experiments at different light intensities are shown in different colors, 
blue for LL and yellow for HL. For ivy and sunflower, A13C and cc/ca are linearly correlated. 
As irradiance increases, cc/ca and A13C decrease. A13C for ivy increases from 13 ‰ to 16 ‰ 
when cc/ca increases from 0.34 to 0.55 while for sunflower A13C ranges from 13 ‰ to 25 ‰ 
for cc/ca ratios of 0.37 to 0.8. This is due to the lower assimilation rate and generally higher 
back-diffusion flux at a higher cc/ca ratio. When irradiance increases, the assimilation rate 
increases, cc/ca decreases, and less of the CO2 that has entered the stomata diffuses back to the 
atmosphere. As a result, A13C decreases with an increase in light intensity. For maize, A13C 
is much smaller than for the C3 plants, ranging from 2.4 ‰ to 3.5 ‰ for ci/ca ratios of 0.42 to 
0.55, and we did not observe a strong correlation between A13C and ci/ca. A13C vs ci/ca is 
shown in Figure S4.9 of the for both C3 plants (sunflower and ivy) and a C4 plant (maize).  
 

 
 
Figure S4.1 Illustration of the changes in 17O for mixing of two different gases when the 17O values are 
calculated in logarithmic form, as a function of the fraction of CO2 gas b. The blue and black circles show the 

17O values of the mixing end members and the different colors show mixing lines for differences in 18O.  
 

 
Figure S4.2 Calibration of the LGR water isotope analyser for the measurement of 18O and D of water vapor. 
a) 18OIAEA is the value assigned by IAEA while 18OLGR is the value reported by the LGR instrument. b) DIAEA, 
is the value assigned by IAEA while DLGR is the value reported by the LGR instrument. 
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Figure S4.3 Dependencye of isotope composition of water vapour on the water vapor concentration and the carrier 
gas used for the water vapor standard source for 18O, 17O, 17O and D.  
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Figure S4.4 Allan variance curves of D, 17O and 18O for measurement at 20000 ppm water vapor concentration. 
 

 
 
Figure S4.5 Schematic drawing of the setup used for the extraction of leaf water. The vial containing the leaf is 
heated to 60 oC while the other vial is immersed in the liquid nitrogen to collect the water vapor.  
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Figure S4.6 Schematic diagram of the system used for the extraction of carbon dioxide from air samples. The 
moisture trap is cooled by a dry ice-ethanol mixture while the CO2 trap is cooled by liquid nitrogen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4.7 Schematic diagram of the conceptual leaf-cuvette model.  and c are the oxygen isotope composition 
and mixing ratio of CO2. The subscripts e, a, i, m, c represents CO2 entering the cuvette, leaving the cuvette, in the 
intercellular air space, the mesophyll and the chloroplast, respectively.  
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Figure S4.8. A13C of carbon dioxide during photosynthesis. a) The A13C of the two C3 plants sunflower (circles) 
and ivy (triangles) at two different irradiances. b) The A13C of maize at two different irradiances. The 
measurement error in A13Cobs is 0.15 ‰ (SD), calculated using error propagation. 
 

 
 
Figure S4.9. A13C of carbon dioxide during photosynthesis for the two C3 plants sunflower (circles) and ivy 
(triangles) and a C4 plant maize (stars). 
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Figure S4.10. Relative difference in 13C of CO2 leaving (index a) and entering (index e) the leaf cuvette during 
experiments with two C3 plants, sunflower (circles) and ivy (triangles) (panel a) as a function of the cc/ca ratio and 
a C4 plant maize (stars) (panel b) as a function of the ci/ca ratio. The experiments were performed under low light 
(300 μmol m-2s-1, purple) and high light (1200 μmol m-2s-1, yellow) conditions.  
 

 
 
Figure S4.11 Relative difference in 17O (a) and 18O (b) of CO2 leaving (index a) and entering (index e) the leaf 
cuvette during experiments with two C3 plants, sunflower (circles) and ivy (triangles) and a C4 plant maize (stars) 
as a function of the cm/ca ratio. The experiments were performed under low light (300 μmol m-2s-1, purple) and 
high light (1200 μmol m-2s-1, yellow) conditions.  
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Figure S4.12 Difference in 17O of the CO2 leaving (index a) and entering (index e) the cuvette as a function of 
cm/ca for sunflower (circles), ivy (triangles) and maize (stars). 
 

 
 
Figure S4.13. 3D model result for the global average seasonal cycle of 17O of atmospheric CO2 for the years 
2012 and 2013 (Koren et al., 2019). Note that the 17O value was calculated in (Koren et al., 2019). with  = 
0.5229. To convert to the  = 0.528, we use 17O(CO2) =0.528= 17O(CO2) =0.5229+(0.5229-
0.528) ln( 18O(CO2)+1). In the 3D global model, 18O(CO2) is 41.5 ‰. 
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Figure S4.14. 3D model result for the seasonal cycle of the global average 17O value of leaf water for the year 
2012 (Koren et al., 2019). Note that 17O value is reported here with  = 0.5229. To convert to  = 0.528, we use 

17O(leaf) =0.528= 17O(leaf) =0.5229+(0.5229-0.528) ln trans. trans =1/0.9917 (Koren et al., 2019;Hofmann et al., 
2017). 
 

 
 
Figure S4.15 Annual variability of the ci/ca ratio for C4 and C3 plants from the SiBCASA model (Schaefer et al., 
2008;Koren et al., 2019). 
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Table S4.1 Reproducibility of the extraction system and the CO2-O2 exchange system. Extraction reproducibility 
experiments were performed using compressed air. To establish the reproducibility of the CO2-O2 isotope 
exchange system we used pure CO2 (SCOTT, Air Products, Germany). SE and SD stand for standard error and 
standard deviation. All the isotope values given in the table are in per mill [‰]. 
 

Extraction system reproducibility 
Extraction  18O SE 13C SE 
03/03/2019 41.411 0.005 -8.636 0.004 
03/03/2019 41.352 0.006 -8.642 0.003 
03/03/2019 41.355 0.020 -8.636 0.005 
04/03/2019 41.314 0.008 -8.647 0.007 
04/03/2019 41.359 0.007 -8.651 0.004 
05/03/2019 41.297 0.006 -8.648 0.004 
05/03/2019 41.330 0.008 -8.652 0.004 
05/03/2019 41.387 0.005 -8.648 0.004 
06/03/2019 41.368 0.010 -8.660 0.004 
06/03/2019 41.369 0.007 -8.653 0.004 
06/03/2019 41.329 0.008 -8.652 0.003 
07/03/2019 41.373 0.007 -8.646 0.004 
07/03/2019 41.324 0.007 -8.646 0.004 
07/03/2019 41.352 0.007 -8.643 0.002 
Mean ± SD 41.351 ± 0.030 -8.647 ± 0.007 

CO2-O2 exchange system reproducibility 
EXP Pre-exchange O2 Post-exchange O2 Pre-exchange CO2 
 17Oi 18Oi 17Of 18Of 18Oi 17Oi 17Oi 
1 9.254 18.542 10.949 21.591 25.803 13.3967 -0.143 
2 9.254 18.542 10.986 21.649 25.803 13.4066 -0.134 
3 9.254 18.542 10.972 21.638 25.803 13.3907 -0.149 
4 9.254 18.542 10.967 21.637 25.803 13.3823 -0.158 
5 9.254 18.542 10.934 21.571 25.803 13.3894 -0.151 
6 9.254 18.542 10.942 21.575 25.803 13.4006 -0.140 
7 9.254 18.542 11.080 21.818 25.803 13.4061 -0.134 
8 9.254 18.542 11.038 21.760 25.803 13.3868 -0.153 
9 -20.85 -38.2 -4.373 -7.288 25.803 13.401 -0.139 
10 -20.85 -38.2 -4.210 -6.9804 25.803 13.3978 -0.142 
11 -20.85 -38.2 -4.497 -7.520 25.803 13.4003 -0.140 
12 -20.85 -38.2 -3.987 -6.573 25.803 13.4103 -0.130 
Mean ± SD 13.398±0.009 -0.142±0.008 
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Table S4.2 The ratio of stomatal conductance to mesophyll conductance and weighted mean fractionation of 
12C18O16O as it diffuses from the CO2-H2O exchange site ( ) for numerous species determined in previous 
investigations. 
 

gs/gm  Plant type  Reference  
1.56 3.93 S. viridis (C4) (Osborn et al., 2017) 
1.26 4.33 S. viridis (C4) (Osborn et al., 2017) 
0.22 7.37 Tobacco (C3) (Gillon and Yakir, 2000b) 
0.16 7.71 Soya (C3) (Gillon and Yakir, 2000b) 
0.47 6.23 Oak (C3) (Gillon and Yakir, 2000b) 
0.17 7.76 Tobacco (C3) (Barbour et al., 2016) 
0.06 8.32 Cotton (C3) (Barbour et al., 2016) 
0.32 7.04 Wheat (C3) (Barbour et al., 2016) 
0.06 8.27 Maize (C4) (Barbour et al., 2016) 
0.24 7.29 S. Vidrids (C4) (Barbour et al., 2016) 
0.29 7.21 F. bindentis (C4) (Barbour et al., 2016) 
0.88 5.05 Sunflower (C3) This study  
0.55 5.96 Ivy (C3) This study 
0.27 7.12 S. viridis (C4) This study 
1.2 4.18 S. viridis (C4) (Cousins et al., 2006) 
2.1 3.74 Tobacco (C3) (Cousins et al., 2006) 
0.13 7.90 A. edulis (C4) (Cousins et al., 2007) 
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Chapter 5 

Discussion and outlook 
 
In this chapter, an overview of the important findings reported in this thesis, and measurement 
challenges of 17O as a tracer for mesophyll conductance and GPP are presented and discussed. 
Finally, we provide an outlook based on the finding in this thesis and recommend future 
research in five concrete projects to follow up on the findings of this Ph.D. research.  

 

5.1. Discussion  
 

5.1.1. Measuring 17O of atmospheric CO2  

 
Measurements of 17O of atmospheric CO2 are limited in number compared to the conventional 

13C and 18O measurements due to the measurement challenge. The challenge with measuring 
17O (or 17O) using an isotope ratio mass spectrometer (IRMS) is the interference of 

13C16O16O on the 12C17O16O isotopologue, in combination with the low abundance of 
12C17O16O (15 times lower than13C16O16O). To separate these two isotopologues, a mass 
spectrometer with a resolving power (m/ m) of approximately > 56,000 is required. The 
conventional IRMS have a far lower mass resolution, and therefore in the past 17O 
measurement of CO2 using IRMS was realized only by conversion of CO2 to O2 (Thiemens et 
al., 1991) or isotope exchange with metal oxides or O2 (Hofmann and Pack, 2010; Barkan et 
al., 2015). In Chapter 2 of this thesis, we developed a technique to measure the 17O of CO2 
without conversion/exchange, using ion fragments of CO2 that are formed by electron 
ionization in the ion source of a high-resolution IRMS. In addition, we established the 
previously developed CO2-O2 exchange method at Utrecht University.  
 
Both CO2-O2 exchange and fragment techniques require pure CO2, and interferences from 
other compounds (e.g. water) must be minimized. In the CO2-O2 exchange method, water will 
interfere with the isotope composition of the CO2, since CO2 will also exchange isotopes with 
water and this will affect the isotope composition of the exchanged O2. For the fragment 
method, the interference from adduct ions is well resolved with the high-resolution isotope 
ratio mass spectrometer (HR-IRMS), even at medium resolution setting. In addition, water 
interferes with the 17O measurement by contributing 16O+, 17O+, and 18O+ fragment ions. The 
degree of interference of H2O on 17O of CO2 depends on the proportion of [H2O]/[CO2] and 
the 17O of H2O.  
 
Another potential interference in the fragment method is from doubly ionized 16O18O++ formed 
in the ion source, which cannot be resolved from 17O+ of CO2. This means that the 17O value 
is slightly dependent on the relative difference in 18O between the sample and working 
standard, and practice also on the source pressure since the relative abundance of double 
ionized O2 depends on source pressure. If the measurements are carried out using a working 
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gas with an isotope composition close to the sample and at higher source pressure, then the 
interference of 16O18O++ on the 17O is negligible.  
 
The other challenge to measure 17O is scale contraction, a general phenomenon for isotope 
measurements using isotope ratio mass spectrometry. Scale contraction is different for different 
isotope ratio mass spectrometers, as observed for the two IRMS’s in this study; the Ultra high-
resolution isotope ratio mass spectrometer has a larger scale contraction compared to the 
DeltaPlusXL. The scale contraction depends on the emission current, equilibration time, source 
pressure, and the ion source conductance as discussed in (Verkouteren et al., 2003a;  
Verkouteren et al., 2003b) and these parameters were carefully evaluated for the 253 Ultra in 
chapter 2 of this thesis. Measuring a sample with low emission current, long equilibration time, 
higher source pressure, and open variable ion source conductance (VISC) window will give a 
lower scale contraction. However, lower emission current results in a lower ionization of the 
molecules, reducing the signal, and opening the VISC window also reduces the signal, in our 
machine by a factor 3 compared to the signal with the VISC closed. Increasing equilibration 
time reduces the measurement time of the sample, thus requiring long measurement times to 
get a required precision and sample loss. Using the CO2-O2 exchange method, we measured 
the 17O of CO2 samples with a precision better than 0.010 ‰. The fragment method does not 
require isotope exchange/conversion of the CO2, but to reach a measurement precision of 0.01 
‰, it requires a measurement time of 24 hrs, which precludes widespread use and high sample 
throughput. Nevertheless, the fragment techniques provide a completely independent 
assessment of 17O of CO2 than other methods and may be valuable in the calibration of 
reference materials (see below). 
 
During this study, we collaborated with the center for isotope research (CIO) of Groningen 
university to characterize a Quantum Cascade Dual-Laser Absorption Spectrometry 
(QCDLAS) instrument from Aerodyne (Aerodyne Research, Inc., Massachusetts, USA) to 
measure the 17O-excess of CO2. QCDLAS does not require extraction of pure CO2 from air, 
allowing to measure the triple oxygen isotope composition of CO2 directly from air samples, 
unlike the IRMS techniques described in this study (McManus et al., 2015). QCDLAS requires 
a relatively smaller sample size and short measurement time compared to the IRMS technique 
and it is possible to perform a semi-continuous measurement in the field. The limitation of 
QCDLAS is its dependency on the mole fraction of CO2 that requires intensive calibration and 
decay in the sensitivity of the laser with time. The characterization of the QCDLAS instrument 
is in progress.  
 

5.1.2. Mesophyll conductance for CO2  

 
As discussed in Chapter 3 of this thesis, mesophyll conductance estimates using oxygen 
isotope composition strongly depend on the relative difference in the oxygen isotope 
composition between CO2 in the intercellular air space and at the CO2-H2O exchange site. 
When the relative difference between the oxygen isotope composition between the CO2-H2O 
exchange site and intercellular air space is close to zero, gm 17 or gm18 estimates will have large 
errors. This can happen either when the oxygen isotope composition of CO2 entering the leaf 
is the same as the oxygen isotope composition of the CO2 equilibrated with leaf water or at 
higher mesophyll conductance. A larger difference in the oxygen isotope composition of CO2 
between the intercellular air space and at the CO2-H2O exchange site can be achieved using 
CO2 with a large difference in 17O and 18O between the CO2 entering the leaf and the CO2 



125

at the CO2-H2O exchange site. However, if the mesophyll conductance is very high, the oxygen 
isotope composition of CO2 at the CO2-H2O exchange site ( 17Om and 18Om) and in 
intercellular air space ( 17Oi and 18Oi) will be similar regardless of the oxygen isotope 
composition of the CO2 used.  
 
The dependence on the difference between the CO2-H2O exchange site and intercellular air 
space might be one of the reasons for conflicting estimates of gm18 in the literature, but this is 
difficult to reconstruct because not always all the necessary values are reported. When 
reporting gm18 it is also important to report at what 18Oi- 18Om or 17Oi - 17Om difference the 
measurement is carried out. The precision of the derived gm estimate can be increased by using 
isotopically different CO2 and water vapor entering the leaf compared to the CO2 and water at 
the CO2-H2O exchange site. There is a strong variation in the oxygen isotope composition of 
water within a leaf and the CO2-H2O exchange site is unknown. Such variations result in a bias 
in gm18 estimates. 17O is less sensitive to mass-dependent isotope fractionation processes 
compared to 18O, as a result, mesophyll conductance can be determined with better precision 
using slightly 17O-enriched CO2. We recommend exploring the gm 17 technique further. The 
experiment should be designed in a way to control the mixing ratio of oxygen entering the leaf 
cuvette to avoid artifacts due to photorespiration on gm13 and gm 17 estimates (Holloway-
Phillips et al., 2019; Ubierna et al., 2019). The experiments should be performed with CO2 
having a 17O value higher than 10 ‰ without manipulating 17O-excess of the irrigation water 
and the water vapor entering the leaf cuvette.  
 

5.1.3. Effect of photosynthesis on 17O atmospheric CO2 

 
To determine the effect of photosynthesis on the 17O of atmospheric CO2 we carried out a 
leaf scale experiment under controlled conditions using a leaf cuvette as described in Chapter 
4 of this thesis. The relative difference in the 17O of the CO2 entering the leaf and the CO2 at 
the CO2-H2O exchange site, and type of plant have a large influence on the effect of 
photosynthesis on the 17O of atmospheric CO2. When the difference between the 17O of CO2 
entering the cuvette and at the CO2-H2O exchange site is small, the effect of photosynthesis on 
the 17O of the atmospheric CO2 is small. When the 17O of CO2 entering the leaf and at the 
CO2-H2O exchange site are different, the effect of photosynthesis on 17O of CO2 is dominated 
by either diffusion or exchange depending on the cm/ca ratio. C3 plants have a relatively higher 
mole fraction of CO2 at the CO2-H2O exchange site (cm) to the leaf surrounding air (ca) 
compared to C4 plants. The difference in the cm/ca ratio is due to the difference in the 
assimilation rate. For plants with a higher cm/ca ratio (C3 plants), the discrimination in 17O of 
atmospheric CO2 is dominated by the CO2-H2O exchange signal, whereas for plants with a 
lower cm/ca ratio (C4 plants), the discrimination is dominated by diffusion.  

 
The impact of land vegetation also depends on the proportional productivity of C4 and C3 
plants. Currently, C4 vegetation is responsible for 20-25 % of GPP (Still et al., 2003), but the 
proportion may change in the future due to an increase in the mole fraction of atmospheric CO2 
where C3 plants are favored at higher atmospheric CO2 mole fraction (Tipple and Pagani, 2007; 
Collatz et al., 1998; Ehleringer, 2005; Sage, 2004, 2005; Sage and Monson, 1998). Based on 
the leaf scale measurements, we estimated the discrimination in 17O for the global vegetation 
to be --0.57 ± 0.14 ‰. Extrapolation of the leaf level experiment to the global scale is difficult 
due to the limited information on cm/ca values under field conditions and their variation across 
the globe. This may improve in the future because new laser spectroscopic techniques (Nelson 
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et al., 2008; McManus et al., 2005; 2010; 2015) that can measure 17O of CO2 in the field 
semi-continuously may allow measurement of cm/ca ratios of different plant types in different 
environments.  
 

5.2.  Perspectives and recommendations 
 

5.2.1. Consensus in the reference slope 

 
The 17O of tropospheric CO2 variations represents an integral signal from anthropogenic and 
biochemical processes, therefore a single fractionation slope for the ln( 18O+1)-ln( 17O+1) 
space is not representative for all processes, and there is no a single best  value (Miller et al., 
2020). Choosing a single representative three isotope fractionation slope is a big dilemma in 
the triple oxygen isotope community. As a result, several different  values are used in different 
studies (Hofmann et al., 2017).  
 
The most commonly used ref is 0.528, the value that is also used in this thesis (Sharp et al., 
2018; Wostbrock et al., 2019; Passey et al., 2014; Landais et al., 2006; Meijer and Li, 1998; 
Barkan et al., 2019; Fosu et al., 2020; Schoenemann et al., 2013; Young et al., 2016a). This is 
the value that has been established for meteoric waters (Meijer and Li, 1998; Luz and Barkan, 
2010), and the reason for using ref = 0.528 also for CO2 is that the carbon and hydrological 
cycle are connected via oxygen isotope exchange between water and CO2. As a result, 
atmospheric CO2 will generally follow a similar three-isotope fractionation line as the meteoric 
waters (Meijer and Li, 1998; Luz and Barkan, 2010). This does not mean that all water bodies 
will have a 17O value of zero when using  = 0.528 since the formation of the precipitation is 
influenced by several isotope fractionation processes such as diffusion, evaporation and 
condensation, and the individual processes have a three isotope slope that deviate from  = 
0.528 (Landais et al., 2008; Barkan and Luz, 2007; Luz and Barkan, 2010; Angert et al., 2004; 
Li et al., 2015; Miller, 2018; Sharp et al., 2018).  
 
Other researchers have used different three isotope slopes, for example = 0.516 (Laskar et al., 
2020; Liang et al., 2017b; Boering et al., 2004; Hoag et al., 2005), close to the fractionation 
line for transpiration at a relative humidity of 75 % (Landais et al., 2006). Their main argument 
for the choice of ref = 0.516 is that it eliminates the effect of transpiration on the 17O of 
meteoric waters. The third commonly used reference slope is 0.5305, mainly in the solid rocks 
community (Pack et al., 2016; Pack, 2017) which is the high-temperature equilibrium 
fractionation. The fact that this value is related to a thermodynamic equilibrium is attractive 
since it would not depend on other factors, but it has not been adopted by the atmospheric 
community, possibly because it would be different from all the important slopes that act on the 
system. Some studies have used  = 0.5229 because this is the slope associated with CO2-H2O 
isotope exchange, the process that links atmospheric CO2 to leaf, soil, or ocean water (Hofmann 
et al., 2017; Koren et al., 2019).  
 
Even though the choice of  does not change the interpretation, similar to (Sharp et al., 2018), 
we recommended using  = 0.528, because this takes into account variations in the isotopic 
composition of water in the natural environment and it is in line with the well-established 
hydrological reporting system (Luz and Barkan, 2010; Meijer and Li, 1998). In addition, the  
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value of 0.528 is also recommended when applying the “17O correction” for precise 
measurement of 13C in standard isotope ratio analysis of CO2 samples (Brand et al., 2010). 
Furthermore, using a  value of 0.528 gives a better interlaboratory comparability for 13C16O18O 
isotope measurements than using the “Santrock correction” (Santrock et al., 1985) with a  
value of 0.516 (Schauer et al., 2016).  
                                                                                                                                                                               

5.2.2. Interlaboratory comparison 

 
In principle, international standards have assigned reference isotope ratios. For oxygen 
isotopes, reference materials are available in different physical forms (different types of 
material) e.g. waters, carbonates, and atmospheric O2. When different laboratories measure the 
oxygen in these materials against each other, they report significantly different values, which 
shows that there are systematic discrepancies, see Table 5.1 for carbonate standards and 
atmospheric O2. The standard deviation in the 17O of the atmospheric O2 assigned is different, 
with a standard deviation of 0.044 (1- , N=4). This variation is much larger than the precision 
of the measurement techniques developed to measure 17O including this thesis. The variation 
might be due to the errors during the extraction of oxygen from the air, and/or scale issues in 
the isotopic ratio mass spectrometer or calibration. Scale distortions in 17O measurements can 
also originate from pressure baseline corrections (Yeung et al., 2018).  
 
Oxygen isotope measurements are reported with a link to a single standard VSMOW (Vienna 
Standard Mean Ocean Water) or PDB (Pee Dee Belemnite) which only fixes the zero point of 
the  scale. Vienna Standard Mean Ocean Water-Standard Light Antarctic Precipitation 
(SMOW-SLAP) normalizations are suggested as a better solution to reduce the scale issue of 
the isotope ratio mass spectrometer for inter-laboratory consistency since the 18O value SLAP 
relative to SMOW is -55.5 ‰ (Gonfiantini, 1978). The normalization requires that the 
measured 18O value of a sample relative to VSMOW be adjusted by a factor of (-
55.5)/( 18OSLAP/VSMOW), where 18OSLAP/VSMOW is the measured value of SLAP relative to 
SMOW (Gonfiantini, 1978; Kaiser, 2008). However, not every research group has a facility to 
measure water and gas samples for 17O with a high precision. Furthermore, inconsistencies 
in the 17O value are also reported for the commonly used carbonate standards even though 
the values are VSMOW -SLAP normalized (Table 5.1).  
 
For the carbonate standards, the variation is not only important for determining the absolute 

17O value of the carbonate standards but also, maybe even more fundamentally, for the 
relative difference between the carbonate standards. Differences reported by different 
laboratories should agree, even if the absolute values may differ. However, the difference 

17O(NBS19)- 17O(NBS18) reported by (Wostbrock et al., 2019) and (Fosu et al., 2020) is  
-0.050 ‰, whereas (Passey et al., 2014) and (Barkan et al., 2019) reported smaller differences,  
-0.037 ‰ and -0.019 ‰, respectively. Part of the difference may be due to sample preparation. 
(Wostbrock et al., 2019) used a calcite fluorination method to extract CO2, the other studies 
measured the CO2 extracted from carbonate using H3PO4 acid digestion. The relative difference 
between 17O(NBS18) and 17O(IAEA603) (a replacement for NBS19) is reported as -0.042 
‰ by Sha et al., (2020) and -0.010 ‰ by (Barkan et al., 2019). The relative difference between 
the carbonate standards can be determined independently using the fragment technique 
developed in this PhD thesis (see below).                                                                                                             
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One of the possible causes for the differences in Table 5.1 is heterogeneity in the samples, 
resulting in sample-to-sample variability (Starkey et al., 2016). As far as the isotopic 
composition is concerned, tropospheric O2 is distributed homogeneously, as a result, the 
variability between different measurements reported in the literature is very likely due to 
artifacts from the analytical techniques that are used to extract O2 from the air and/or from 
IRMS scale distortions during measurement (calibration). These are the only limitations to 
using oxygen as reference material.  
 
Table 5.1 Summary for the triple oxygen isotopic composition of carbonate standards (NBS18, NBS19, IAEA603) 
and atmospheric O2 measured at different research groups. All the values are relative to VSMOW and they are in 
‰. 17O values are calculated with a RL = 0.528. 
 

Carbonate standards 

 (Passey et al., 2014) (Fosu et al., 2020) (Sha et al., 2020) (Barkan et al., 2019) 

NBS19 17O 19.013 20.334(0.008) - 20.320(0.006) 
18O 36.586(0.9) 39.194 - 39.196 
17O -0.135(0.012) -0.169(0.005) - -0.182(0.005) 

NBS18 17O 7.909 9.095(0.006) 8.965(0.012) 9.049(0.005) 
18O 15.225(0.6) 17.524 17.481(0.019) 17.522 
17O -0.098(0.014) -0.119(0.005) -0.225(0.004) -0.163(0.005) 

IAEA 
603 

17O - - 20.182(0.015) 20.218(0.005) 
18O - - 39.092(0.034) 39.019 
17O   -0.267(0.006) -0.192(0.006) 

Tropospheric O2 
 (Barkan and Luz, 

2011) 
(Wostbrock et al., 2019) 
 

(Laskar et al., 2019) (Pack, 2017) 

Air-O2  17O 12.026(0.02) 12.178(0.066)  11.979(0.013) 12.27(0.02) 
18O 23.881(0.02) 24.046(0.117) 23.732(0.006) 24.15(0.05) 
17O -0.507 -0.442 -0.476 -0.404 

 
Part of the variability in the reported 17O might also be due to the different definitions of 17O 
(equation 5.1). 
 

  (5.1) 

 
where  is the intercept. In this study, we used equation 1 with =0. When equation 5.1 is used 
as a definition for 17O,  can be chosen as constant, independent of the oxygen isotope 
composition of the reference material used, but  is dependent on the reference material used 
in the respective laboratory (Miller et al., 2020; Miller, 2002). As a result, the errors in the 
oxygen isotopic composition of the reference material will be translated to the sample oxygen 
isotopic composition.  
 
The final possible cause for the variability in 17O might be an artifact in the CO2 
exchange/conversion step during sample preparation. The O-fragment technique developed in 
this thesis does not require chemical conversion/exchange and can be used as an independent 
method to investigate the inconsistency in the relative difference in 17O between different 
carbonate standards if the reported discrepancy by different research groups is due to the 
chemical conversion/exchange step. In addition, measuring atomic fragment ions of different 
compounds may be a useful tool to study fractionation processes in the ion source of an isotope 
ratio mass spectrometer. As discussed earlier above, the scale contractions for isotopic 
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measurements are different for the fragment ions and molecular ions of CO2. Examining these 
effects further may help to understand the chemistry and surface effects in the ion source of 
isotope ratio mass spectrometers by studying different fragments. The main challenge during 
fragment measurement is lower signal intensity of the fragment ions and interferences from 
adduct formation.  
 

5.2.3.  17O of atmospheric CO2 

 
17O of CO2 has been suggested to be a better tracer for GPP than 18O (Hoag et al., 2005; 

Hofmann et al., 2017) since 17O probes directly the associated processes in the carbon and 
water cycle (Luz and Barkan, 2010; Luz et al., 1999; Barkan and Luz, 2007; Landais et al., 
2006; Uemura et al., 2010). However, to use 17O of atmospheric CO2 as a tracer for GPP 
requires the ability to distinguish the 17O of the different sources and sinks since variations 
of 17O in tropospheric CO2. This represents an integral signal from all the anthropogenic and 
biochemical processes. The 17O signature of stratospheric CO2 is well-defined (Hofmann et 
al., 2017; Koren et al., 2019; Hoag et al., 2005), and sources of atmospheric CO2 from 
photochemical oxidation processes in the atmosphere have a relatively smaller flux (Koren et 
al., 2019). Another important source is the exchange with ocean water, and for this, the triple 
oxygen isotopic composition is assumed to be close to zero (Affek and Yakir, 2014; Luz and 
Barkan, 2010; Koren et al., 2019; Liang et al., 2017b). This assumption is reasonable because 
it is expected that CO2 will equilibrate with ocean water, but it has not been confirmed by a 
measurement. The other four unknown processes for the 17O atmospheric CO2 are 
photosynthesis, respiration (foliage and soil respiration), soil invasion, and combustion. The 

17O of CO2 from fossil fuel and biomass combustion has a smaller effect on the global scale 
due to its smaller flux compared to photosynthesis and respiration (Hoag et al., 2005). 
However, in urban regions, both fossil fuel emission and biomass burning can be an important 
source for 17O of CO2 (Pataki et al., 2007; Yanes and Yapp, 2010; Laskar et al., 2016). 17O 
of combustion depends on the material being combusted and CO2 from fossil fuel combustion 
retains the 17O of air O2 (Affek and Yakir, 2014; Laskar et al., 2016; Horváth et al., 2012; 
Liang et al., 2017b). When wood or straw from vegetation is burned, oxygen from other 
oxygenated compounds such as cellulose, hemicellulose [C6H10O5]n, and lignin(C10H12O) 
(Zhang et al., 2012) is added, which results in a different 17O signature of CO2 compared to 
fossil fuel combustion (Horváth et al., 2012; Laskar et al., 2020).  
 
The above argumentations underscore the necessity to precisely characterize the effect of 
different sources and sinks of the terrestrial carbon cycle on the 17O of tropospheric CO2 as a 
prerequisite to use 17O of CO2 to quantify the carbon cycle. In this thesis, the impact of 
photosynthesis on the 17O of tropospheric CO2 has been quantified using three plant types 
representing two types of metabolism, C3 and C4, and three biomes.  estimate the impact of 
photosynthesis on the 17O of tropospheric CO2, the measured 17O signature is weighted by 
the photosynthesis activity of plants and the cm/ca ratio. Weighting the effect of plants on the 

17O of CO2 based on the plant photosynthetic activity and cm/ca ratio might help in 
constraining climate change feedbacks in the future. For instance, if gm would change in the 
future, the impact of photosynthesis on 17O of tropospheric CO2 can be predicted based on 
the formalism obtained in this thesis. A similar approach can be used to further investigate/ 
identify the impact of other sources of the terrestrial carbon cycle on the 17O of tropospheric 
CO2. An upscaled estimate of the effect of photosynthesis on the 17O of tropospheric CO2 can 
be obtained by measuring cm/ca ratio of several plant types under different environmental 
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conditions. The estimated effect of C3 and C4 vegetation on the 17O of near-surface CO2 in 
this thesis should be further extended by sampling air in areas dominated by C3 vegetation 
(such as Amazonia) and C4 vegetation (such as savanna grassland), respectively.  
 
Nocturnal stomatal conductance and soil invasion are conceptually similar processes because 
in both cases the CO2 that diffuses into the leaf and soils will diffuse back to the atmosphere 
after isotope exchange with either leaf water and soil water, respectively (Tans, 1998; Stern et 
al., 2001; Miller et al., 1999). Nocturnal stomatal conductance is not included in the global 

17O budgets, reflecting the assumption that stomata will be fully closed during the night. 
However, recent studies suggest that this is not the case (Howard and Donovan, 2007; Caird et 
al., 2007; Kooijmans et al., 2019; Seibt et al., 2007; Seibt et al., 2006; Barbour et al., 2007; 
Zeppel et al., 2012). Howard and Donovan (2007) suggested that stomatal conductance may 
even reach values greater than 50 % of day time conductance depending on the plant type. To 
better constrain the atmosphere-biosphere interaction and flux, it is important to incorporate 
the effect of night-time stomatal conductance (Zeppel et al., 2012). Understanding the effects 
of nocturnal stomatal conductance and CO2 from dark respiration on the triple isotope 
composition of CO2 is important for interpreting 17O of atmospheric CO2 at local, regional, 
and global scales since leaf dark respiration is an important component of carbon cycling 
between biosphere and atmosphere. Seibt and co-workers (Seibt et al., 2006) reported 
underestimation of daily canopy iso-fluxes (in 18O ) of forest up to 30 % if nocturnal stomatal 
conductance is not included. The effects of nocturnal stomatal conductance and dark 
respiration can be quantified using a similar leaf cuvette experiment presented in chapter 4 of 
this thesis, under the dark conditions. The challenge is to establish a sufficient signal, and we 
recommend using a leaf with a large surface area to realize a relatively high mole fraction 
difference between the CO2 entering the cuvette and the CO2 leaving the cuvette because this 
will lead to better precision.  
 
The effect of soil respiration and invasion on the 17O of atmospheric CO2 is not quantified 
experimentally. Because of the unknown quantities of soil invasion flux estimates of GPP using 

17O are not precise as primarily though (Liang et al., 2017b). The latest soil invasion estimate 
is carried out by (Wingate et al., 2009) using 18O of CO2 incorporating the effect of carbonic 
anhydrase for the first time. However, there is a strong vertical gradient at the soil surface 
because of soil evaporation (Miller et al., 1999; Wingate et al., 2009) which makes it 
complicated to use 18O of CO2 to estimate soil invasion flux. 17O of CO2 is less affected by 
evaporation compared to 18O of CO2, as a result, 17O of CO2 might give a better estimate for 
invasion flux. The 17O (CO2) measurement technique developed in this thesis can be used to 
quantify the soil invasion flux with better precision based on chamber-based measurements.  
 

5.3. Future Perspectives  
 
In this thesis, we presented an automated system based on the CO2-O2 exchange method 
suitable to perform routine measurements with a precision better than 0.01 ‰. Based on these 
measurement techniques, we recommend five research projects that would expand the spatial 
coverage of 17O measurements and address gaps in our understanding and quantification of 
the specific processes in the terrestrial carbon cycle.  
 

a) Quantification of 17O from soil invasion and constraining the soil invasion flux: The 
estimates of soil invasion fluxes reported in the literature vary from < 10 PgC yr-1(Stern 
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et al., 2001) to 450 PgCyr-1(Wingate et al., 2009) using 18O of CO2. There have been 
no follow-up studies in the past decade, since (Wingate et al., 2009). With the 
techniques presented in this thesis 17O measurements from the soil, chambers 
measurements are now possible and are a logical next step to better constrain the soil 
invasion flux.  

b) Quantifying the effect of nocturnal stomatal conductance and foliage respiration on the 
17O of atmospheric CO2: To partition respiration flux to foliage and soil respiration 

to requires understanding and quantifying nocturnal stomatal conductance and foliage 
respiration using leaf cuvette experiments described in this thesis during the dark.  

c) Determination of 17O emitted from the ocean: Quantifying the oceanic flux precisely 
requires a sampling campaign where there is no terrestrial vegetation interference, for 
example, the remote Pacific and southern hemisphere oceans. 

d) Determination of the seasonal variability 17O of tropospheric CO2 at different 
locations. Global 3D transport model calculations (Koren et al., 2019) predict large 
seasonal cycle amplitudes, e.g. 0.036 ‰ peak-to-peak at the Zotino Tall Tower 
Observatory (60.80 N, 89.35 E) (Heimann et al., 2014). The measurement precision 
developed in this thesis is precise enough to capture such seasonal variability and it 
would be interesting to measure a 17O time-series at Zotino to test the model 
predictions and understand the seasonal cycle of 17O in tropospheric CO2. The study 
would give us an insight into both vegetation-atmosphere interaction and soil invasion 
flux.  

e) Partitioning fluxes between respiration, soil invasion, and photosynthesis in the field: 
Once the effect of the individual sources and sinks of the carbon cycle on 17O of CO2 
are quantified, 17O measurements at the ecosystem level may be used to partition the 
fluxes. We have already carried out the first measurements at the Loobos ecosystem 
site (Koren, 2020). 

f) Linking the carbon and hydrological cycles: These cycles are closely coupled together 
via oxygen isotope exchange where a potential climate change feedback in one system 
will be expressed in the other system. This can be addressed by combined 
measurements of 17O in carbon dioxide and water vapor at the ecosystem level. 
Recent advancements in the measurement techniques of 17O of CO2 (Nelson et al., 
2008; McManus et al., 2005; McManus et al., 2015; McManus et al., 2010) and water 
vapor (Galewsky et al., 2016; Steen-Larsen et al., 2013; Steig et al., 2014) may soon 
allow semi-continuous 17O measurements in the field to study the ecosystem and to 
explore the diurnal variability of 17O of atmospheric CO2 and water to deconvolve 
the different processes.  
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SUMMARY  
 
The abundance of greenhouse gases in the atmosphere has strongly increased since the 
industrial revolution due to human activity, and this increase is the primary cause of the 
ongoing climate change. To mitigate climate change, large reductions in greenhouse gas 
emissions are required, in particular strong reductions in CO2 emissions from fossil fuel use, 
which is responsible for two-thirds of the radiative forcing caused by greenhouse gases. In 
addition to this initial forcing, the abundance of CO2 is also determined by feedbacks from the 
exchange of CO2 with the biosphere. Estimating this feedback requires an understanding of the 
gross fluxes between atmosphere and biosphere (and oceans) of CO2 and their sensitivity to 
environmental perturbations. The work presented in this thesis is targeted at an improved 
understanding of these exchange fluxes, using innovative isotope tracers. 
 
Photosynthesis, the process in which plants take up CO2 to produce sugars for their growth, is 
a key process for life on earth. The total planetary photosynthetic flux is called gross primary 
productivity (GPP). It is the largest flux in the terrestrial carbon cycle, and the increase in GPP 
due to increasing levels of CO2 in the atmosphere offsets one-quarter of anthropogenic carbon 
dioxide emissions. It is important to understand the variability of GPP in a changing climate to 
predict future climate and CO2 levels in the atmosphere. However, it is not possible to measure 
GPP directly beyond the leaf scale. This is because the measurement of photosynthetic gas 
exchange is strongly influenced by terrestrial ecosystem respiration (TER). Most of the existing 
measurement techniques rely on inferring GPP from the net ecosystem exchange (NEE), the 
difference between GPP and terrestrial respiration (TER). However, this method is imprecise 
because it is hard to decipher small changes in the large GPP and TER fluxes from small 
differences of NEE.  
 
GPP can also be determined using the isotope fractionation associated with photosynthesis.  It 
was suggested that measuring 17O ( ) of 
tropospheric CO2 might be a better tracer for GPP than 18O alone. This is because the 17O is 
less sensitive to isotope fractionation in the individual processes involved in the leaf-
atmosphere exchange than 18O since most of these processes follow mass-dependent isotope 
fractionation laws with a well defined three-isotope slope. One limitation is that the variability 
of 17O of tropospheric CO2 is very small, typical seasonal signals may be of the order of 0.02 
‰. Therefore, it requires a measurement technique precise enough to capture small variations 
in 17O of tropospheric CO2. Furthermore, previous model studies used assumptions for 
different parameters that are not confirmed experimentally.  
 
In this thesis, two measurement techniques were developed that are precise enough to capture 
the small variability in 17O of tropospheric CO2. One of these techniques was then used to 
quantify the effect of photosynthesis on the 17O of atmospheric CO2 during gas exchange 
measurements under controlled conditions. This shows that theories that have been used to 
describe the effect of photosynthesis on 18O can also be used for 17O. Also, the dependencies 
on key parameters that affect 17O during the photosynthetic gas exchange are determined. It 
is then investigated whether 17O can be used to estimate mesophyll conductance, the 
conductance of CO2 from the intercellular air space to the site of CO2-H2O exchange in a leaf. 
Furthermore, the leaf scale measurements are used to quantify the impact of photosynthesis on 

17O of atmospheric CO2.  
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As discussed in Chapter 2 of this thesis, we set up two techniques to measure the 17O of CO2. 
The  CO2-O2 exchange technique was first developed by Mahata et al. (2013) and adopted in 
the work described here. Equal amounts of CO2 and O2 (with known oxygen isotope 
composition) are allowed to exchange isotopes at 750 oC for 2 hours in a quartz tube in the 
presence of a platinum sponge catalyst. The initial 18O isotope composition of the CO2 is 
measured. After the isotope exchange reaches a steady-state, the oxygen isotope composition 
of O2 is measured and the 17O isotopic composition of CO2 is calculated from the isotopic 
composition of O2 (initial and final) and the 18O isotopic composition of CO2 (initial).  
 
In the fragment method, the 17O of the CO2 is obtained by measuring the 17O+ and 18O+ 
fragment ions that are formed in the ion source of a high-resolution isotope ratio mass 
spectrometer during electron ionization. Both methods require pure CO2. The exchange method 
requires chemical manipulation of the CO2 by isotope exchange between CO2-O2 before 
measurement, which conceptually introduces a source of error, but it provides high precision 
information in a relatively short time. The fragment method does not require manipulation of 
the CO2 before measurement, but because of the low transmission of ions at the higher mass 
resolution, it requires long measurement times to get high precision in 17O. Conceptually, the 
fragment technique can also be used to measure 13C of carbon dioxide and other fragments of 
different molecules which suffer from isobaric mass interferences. The CO2-O2 exchange 
method was used for further experiments because it can be routinely operated at a precision 
better than 0.01 ‰ which is sufficient to detect 17O variabilities in tropospheric CO2.  

Photosynthesis is not only affected by the presence of photosynthetically active radiation and 
CO2 but also depends on the conductance of the CO2 from the air surrounding the leaf through 
the boundary layer and stomata to the intercellular air space, and from the intercellular airspace 
to the carboxylation site. Stomatal conductance (gs) can be calculated from the transpiration 
rate and mole fraction of water vapor in the intercellular air space, which is mainly controlled 
by guard cells. Mesophyll conductance, gm, the conductance from the intercellular air space to 
the CO2-H2O exchange site is a much more complex photosynthetic trait consisting of a 
complex of consecutive barriers with different phases (gas, water, and lipoproteins). 
Measurements of 18O have been used previously to determine gm, but this method is subject 
to significant uncertainties related to isotope fractionation processes in the plant. Isotope 
exchange between CO2 and H2O can occur at many locations in the leaf depending on the 
availability of carbonic anhydrase. In C3 plants the exchange can occur between the mesophyll 
cell and chloroplast and for C4 plants it can occur anywhere in the mesophyll cell. This leads 
to an uncertainty in the oxygen isotope composition of leaf water at the CO2-H2O exchange 
site where it is assumed to be the same as the isotope composition at the evaporation site. 
Besides, there is a strong variation in the oxygen isotope composition of water within a leaf 
due to evapotranspiration. The variation of 17O within the leaf is smaller since evaporation 
and diffusion are mass-dependent isotope fractionation processes.  

In Chapter 3 of this thesis, we explore the possibility to estimate mesophyll conductance using 
measurements of 17O of CO2 and leaf water. We adopt the existing theory for 18O to 17O 
and compare mesophyll conductance estimates from 17O and 18O measurements. Oxygen 
isotope measurements ( 18O and 17O) allow us to estimate the mesophyll conductance for 
both C3 and C4 plants. A limitation of mesophyll conductance estimates using oxygen isotopes 
is that errors become large when the difference in 17O or 18O between the CO2 in the 
intercellular air space and at the CO2-H2O exchange site is small. This can happen either when 
the 17O or 18O of the CO2 entering the leaf is similar to the 17O or 18O of the CO2 at the 
CO2-H2O exchange site, or when the mesophyll conductance is very high. The first limitation 
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can be compensated by using isotopically enriched CO2 during the gas exchange experiment, 
but the second one is a conceptual limitation for gm estimates using isotope measurements 
because high gm means that there is a very small isotope gradient between the intercellular air 
space and CO2-H2O exchange site. Therefore, estimating mesophyll conductance using 17O 
measurements is prone to large errors for plants with higher mesophyll conductance relative to 
the plants with lower mesophyll conductance.  

17O of CO2 has been suggested as a tracer for gross primary production. However, 
tropospheric CO2 is a mixture of several sources and sinks that contribute to the change in 17O 
of CO2.  One of the largest sinks is photosynthesis where the CO2 is taken up by plants and 
converted to sugar. Previous model studies made assumptions about the effect of 
photosynthesis on 17O, which were based on careful studies on the individual processes, but 
were not confirmed experimentally in a real gas exchange experiment. In Chapter 4 of this 
thesis, we investigated the effect of photosynthesis on the 17O of CO2 in the laboratory under 
controlled environmental conditions. We used two C3 plants with contrasting stomatal 
conductance and assimilation rate (An) and one C4 plant.  The two C3 plants used in this study 
are sunflower (higher An and low gs) and ivy (low An and low gs) and C4 plant maize (high AN 
and low gs). Based on our leaf scale experiments, we demonstrate that theories developed for 
the interpretation of 18O are conceptually applicable for 17O of CO2. The impact of 
photosynthesis on the 17O of atmospheric CO2 depends on the relative difference in 17O 
between leaf water at the CO2-H2O exchange site and the CO2 entering the leaf. Another 
important factor is the back-diffusion flux of CO2 that has exchanged isotopes inside the plants 
that is not assimilated but diffuses back to the atmosphere. For plants with higher back-
diffusion flux, the impact of photosynthesis on 17O of CO2 is determined mainly by the 
relative difference between the CO2 and leaf water at the CO2-H2O exchange site, while for 
plants with lower back-diffusion flux, the effect of photosynthesis on the 17O of CO2 is 
dominated by diffusional fractionation. The back-diffusion flux can be quantified by the ratio 
of the mole fraction of CO2 at the CO2-H2O exchange site (cm) and in the surrounding air (ca), 
the cm/ca ratio. Based on our leaf experiments, we estimate the effect of vegetation on the 17O 
of atmospheric CO2 globally to be -0.65 ‰ and -0.3 ‰ for C3 and C4 plants, respectively. 
Using 17O estimates of leaf water and atmospheric CO2 from a global model, we estimated 
the 17O isoflux due to photosynthesis to be -60 ± 15 ‰PgCyr-1 which is in good agreement 
with previous model studies.  

This thesis presents methods to measure 17O of CO2 with a precision of 0.01 ‰, precise 
enough to capture seasonal variabilities in the 17O tropospheric CO2. Precise measurement of 

17O opens new opportunities for studying atmosphere-plant interaction at various scales. 
From a plant science perspective, 17O of CO2/H2O may be used as an additional tracer for 
mesophyll conductance, a parameter that limits photosynthesis strongly. The sensitivity of this 
measurement can be increased when relatively 17O-enriched CO2 is used in the experiments. 
In general, our findings demonstrate that the established theory for 18O can conceptually be 
used for 17O-CO  exchange, and the relevant theoretical equations are derived. From the 
atmospheric perspective, 17O can be used to quantify GPP. To this end, the effect of 
photosynthesis on 17O of atmospheric CO2 is quantified experimentally for the first time in a 
real gas exchange experiment. The limiting factors for the effect of photosynthesis on the 17O 
of atmospheric CO2 are investigated. We use the results to provide a bottom-up estimate for 
global 17O-photosynthetic discrimination based on the leaf scale experiments.  

In Chapter 5 we discuss the main findings and measurement challenges of 17O of CO2. 
Furthermore, we point out how the new techniques can be used to improve the interlaboratory 
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scale consistency of 17O measurements and to gain new insights into the carbon and 
hydrological cycle and photosynthesis mechanism in future studies. 
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SAMENVATTING  
 
De hoeveelheid aan broeikasgassen in de atmosfeer is sinds de industriële revolutie door 
menselijke activiteit sterk toegenomen en deze toename is de belangrijkste oorzaak van de 
huidige klimaatverandering. Om de klimaatverandering tegen te gaan, zijn grote reducties van 
de uitstoot van broeikasgassen nodig, met name een sterke reductie van de CO2-emissie door 
het gebruik van fossiele brandstoffen, die verantwoordelijk is voor tweederde van de 
stralingsforcering veroorzaakt door broeikasgassen. Naast deze initiële forcering wordt de 
hoeveelheid CO2 ook bepaald door feedback van de uitwisseling van CO2 met de biosfeer. Het 
schatten van deze feedback vereist inzicht in de bruto fluxen tussen atmosfeer en biosfeer (en 
oceanen) van CO2 en hun gevoeligheid voor verstoringen. Het werk dat in dit proefschrift 
wordt gepresenteerd, is gericht op een beter begrip van deze uitwisselingsfluxen, met behulp 
van innovatieve isotoop tracers. 
 
Fotosynthese, het proces waarbij planten CO2 opnemen om suikers te produceren voor hun 
groei, is een belangrijk proces voor het leven op aarde. De totale planetaire fotosynthetische 
flux wordt bruto primaire productiviteit (GPP) genoemd. Het is de grootste flux in de 
terrestrische koolstofcyclus en de toename van GPP als gevolg van toenemende CO2-niveaus 
in de atmosfeer compenseert een kwart van de antropogene koolstofdioxide-emissies. Het is 
belangrijk om de variabiliteit van GPP in een veranderend klimaat te begrijpen om toekomstig 
klimaat en CO2-niveaus in de atmosfeer te voorspellen. Het is echter niet mogelijk om GPP 
direct te meten op grotere schaal dan de bladschaal. Dit komt omdat de meting van 
fotosynthetische gasuitwisseling sterk wordt beïnvloed door terrestrische ecosysteem respiratie 
(TER). De meeste bestaande meettechnieken zijn gebaseerd op het afleiden van GPP uit de 
netto ecosysteemuitwisseling (NEE), het verschil tussen GPP en terrestrische respriatie (TER). 
Deze methode is echter onnauwkeurig omdat het moeilijk is om kleine veranderingen in de 
grote GPP- en TER-fluxen te ontcijferen uit kleine verschillen in NEE. 
 
GPP kan ook worden bepaald met behulp van de isotoopfractionering die is hoort bij 
fotosynthese. Er is gesuggereerd dat het meten van 17O (

) van troposferisch CO2 een betere tracer kan zijn voor GPP dan alleen 18O. Dit 
komt omdat de 17O minder gevoelig is voor fractionering van isotopen in de individuele 
processen die betrokken zijn bij de uitwisseling tussen blad en atmosfeer dan 18O, aangezien 
de meeste van deze processen massa-afhankelijke wetten voor fractionering van isotopen 
volgen met een goed gedefinieerde drie isotopen-hellingshoek. Een beperking is dat de 
variabiliteit van 17O van troposferisch CO2 erg klein is, typische seizoenssignalen zijn in de 
orde van 0,02 ‰. Daarom vereist het een meettechniek die nauwkeurig genoeg is om kleine 
variaties in 17O van troposferisch CO2 te detecteren. Bovendien gebruikten eerdere 
modelstudies aannames voor verschillende parameters die niet experimenteel zijn bevestigd. 
 
In dit proefschrift zijn twee meettechnieken ontwikkeld die nauwkeurig genoeg zijn om de 
kleine variaties in 17O van troposferisch CO2 te detecteren. Een van deze technieken werd 
vervolgens gebruikt om het effect van fotosynthese op de 17O van atmosferisch CO2 te 
kwantificeren tijdens metingen van gasuitwisseling onder gecontroleerde omstandigheden. Dit 
toont aan dat theorieën die zijn gebruikt om het effect van fotosynthese op 18O te beschrijven, 
ook kunnen worden gebruikt voor 17O. Ook zijn de afhankelijkheden van belangrijke 
parameters die 17O beïnvloeden tijdens de fotosynthetische gasuitwisseling bepaald. 
Vervolgens is onderzocht of 17O kan worden gebruikt om mesofylgeleiding, de geleiding van 
CO2 van de intercellulaire ruimte naar de plaats van CO2-H2O-uitwisseling in een blad te 
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schatten. Verder worden de bladschaalmetingen gebruikt om de impact van fotosynthese op 
17O van atmosferisch CO2 te kwantificeren. 

 
Zoals besproken in hoofdstuk 2 van dit proefschrift, hebben we twee technieken gebruikt om 
de 17O van CO2 te meten. De CO2-O2-uitwisselingstechniek werd voor het eerst ontwikkeld 
door Mahata et al. (2013) en overgenomen in het hier beschreven werk. Gelijke hoeveelheden 
CO2 en O2 (met bekende zuurstofisotopensamenstelling) wisselen isotopen uit gedurende 2 uur 
bij 750 oC in een kwartsbuis in aanwezigheid van een platina sponskatalysator. De 
aanvankelijke 18O-isotopensamenstelling van de CO2 wordt gemeten. Nadat de 
isotoopuitwisseling een stationaire toestand heeft bereikt, wordt de zuurstofisotoop-
samenstelling van O2 gemeten en wordt de 17O-isotopensamenstelling van CO2 berekend uit 
de isotopensamenstelling van O2 (aanvankelijk en uiteindelijk) en de 18O-
isotopensamenstelling van CO2 (aanvankelijk). 
 
In de fragmentmethode wordt de 17O van CO2 verkregen door het meten van de 17O+ en 18O+ 
fragmentionen die worden gevormd in de ionenbron van een hoge resolutie massaspectrometer 
tijdens elektronenionisatie. Beide methoden vereisen pure CO2. De uitwisselingsmethode 
vereist chemische manipulatie van de CO2 door isotoopuitwisseling tussen CO2-O2 vóór 
meting, wat conceptueel een bron van fouten oplevert, maar het levert in relatief korte tijd zeer 
nauwkeurige informatie. De fragmentmethode vereist geen manipulatie van de CO2 voor de 
meting, maar vanwege de lage transmissie van ionen bij de hogere massaresolutie, vereist het 
een lange meettijd om een hoge precisie te krijgen in 17O. Conceptueel kan de 
fragmenttechniek ook worden gebruikt om 13C van koolstofdioxide en andere fragmenten van 
verschillende moleculen te meten die te maken hebben met isobare massa-interferenties. De 
CO2-O2-uitwisselingsmethode werd gebruikt voor verdere experimenten omdat deze 
routinematig kan worden gebruikt met een precisie die beter is dan 0,01 ‰, wat voldoende is 
om 17O-variaties in troposferisch CO2 te detecteren. 
 
Fotosynthese wordt niet alleen beïnvloed door de aanwezigheid van fotosynthetisch actieve 
straling en CO2, maar hangt ook af van de geleiding van de CO2 van de lucht rond het blad 
door de grenslaag en huidmondjes naar de intercellulaire ruimte en van de intercellulaire ruimte 
naar de carboxylatieplaats. Stomatale geleiding (gs) kan worden berekend op basis van de 
transpiratiesnelheid en molfractie van waterdamp in de intercellulaire ruimte, die voornamelijk 
wordt gereguleerd door sluitcellen. Mesofylgeleiding, gm, de geleiding van de intercellulaire 
ruimte naar de CO2-H2O-uitwisselingssite, is een veel complexere fotosynthetische eigenschap 
die bestaat uit een complex van opeenvolgende barrières met verschillende fasen (gas, water 
en lipoproteïnen). Metingen van 18O zijn eerder gebruikt om gm te bepalen, maar deze methode 
is onderhevig aan aanzienlijke onzekerheden met betrekking tot 
isotopenfractioneringsprocessen in de plant. Uitwisseling van isotopen tussen CO2 en H2O kan 
op veel plaatsen in het blad plaatsvinden, afhankelijk van de beschikbaarheid van 
koolzuuranhydrase. In C3-planten kan de uitwisseling plaatsvinden tussen mesofylcel en 
chloroplast en voor C4-planten kan het overal in de mesofylcel plaatsvinden. Dit leidt tot een 
onzekerheid in de zuurstofisotopensamenstelling van bladwater op de CO2-H2O-
uitwisselingsplaats, waar wordt aangenomen dat deze gelijk is aan de isotopensamenstelling 
op de verdampingsplaats. Bovendien is er een sterke variabiliteit in de zuurstofisotoop-
samenstelling van water in een blad als gevolg van verdamping. De variabiliteit van 17O in 
het blad is kleiner omdat verdamping en diffusie massa-afhankelijke 
isotopenfractioneringsprocessen zijn. 
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In hoofdstuk 3 van dit proefschrift onderzoeken we de mogelijkheid om mesofylgeleiding te 
schatten met metingen van 17O van CO2 en bladwater. We gebruiken de bestaande theorie 
van 18O voor 17O en vergelijken schattingen van mesofylgeleiding uit metingen van 17O en 
18O. Zuurstofisotoopmetingen ( 18O en 17O) stellen ons in staat de mesofylgeleiding voor 
zowel C3- als C4-planten te schatten. Een beperking van schattingen van de mesofylgeleiding 
met behulp van zuurstofisotopen is dat fouten groot worden wanneer het verschil in 17O of 

18O tussen het CO2 in de intercellulaire ruimte en op de CO2-H2O-uitwisselingsplaats klein is. 
Dit kan gebeuren wanneer de 17O of 18O van de CO2 die het blad binnenkomt vergelijkbaar 
is met de 17O of 18O van de CO2 op de CO2-H2O-uitwisselingssite, of wanneer de 
mesofylgeleiding erg hoog is. De eerste beperking kan worden gecompenseerd door isotopisch 
verrijkt CO2 te gebruiken tijdens het gasuitwisselingsexperiment, maar de tweede is een 
conceptuele beperking voor gm-schattingen met isotopenmetingen omdat hoge gm betekent 
dat er een zeer kleine isotopengradiënt is tussen de intercellulaire ruimte en CO2-H2O-
uitwisselingssite. Daarom is het schatten van mesofylgeleiding met behulp van 17O-metingen 
vatbaar voor grote fouten voor planten met een hogere mesofylgeleiding. 
 

17O van CO2 is gesuggereerd als een tracer voor de bruto primaire productie. Troposferisch 
CO2 is echter een mengsel van verschillende bronnen en putten die bijdragen aan de verandering 
van 17O van CO2. Een van de grootste putten is fotosynthese waarbij de CO2 door planten 
wordt opgenomen en omgezet in suiker. Eerdere modelstudies gebruikten aannames over het 
effect van fotosynthese op 17O, die gebaseerd waren op zorgvuldige studies van de 
individuele processen, maar niet experimenteel werden bevestigd in een echt 
gasuitwisselingsexperiment. In hoofdstuk 4 van dit proefschrift hebben we het effect van 
fotosynthese op de 17O van CO2 in het laboratorium onder gecontroleerde omstandigheden 
onderzocht. We gebruikten twee C3-planten met een contrasterende stomatale geleiding en 
assimilatiesnelheid (An) en één C4-plant. De twee C3-planten die in dit onderzoek zijn gebruikt, 
zijn zonnebloem (hogere An en lage gs) en klimop (lage An en lage gs) en de C4-plant maïs (hoge 
An en lage gs). Op basis van onze bladschaalexperimenten tonen we aan dat theorieën die zijn 
ontwikkeld voor de interpretatie van 18O conceptueel toepasbaar zijn voor 17O van CO2. De 
impact van fotosynthese op de 17O van atmosferisch CO2 hangt af van het relatieve verschil 
in 17O tussen bladwater op de CO2-H2O-uitwisselingssite en de CO2 die het blad binnenkomt. 
Een andere belangrijke factor is de terugdiffusieflux van CO2 die isotopen in de planten heeft 
uitgewisseld, dat niet wordt geassimileerd, maar terug diffundeert naar de atmosfeer. Voor 
planten met een hogere terugdiffusieflux wordt de impact van fotosynthese op 17O van CO2 
voornamelijk bepaald door het relatieve verschil tussen de CO2 en het bladwater op de CO2-
H2O-uitwisselingssite, terwijl voor planten met een lagere back-diffusieflux het effect van 
fotosynthese op de 17O van CO2 wordt gedomineerd door diffusie fractionering. De 
terugdiffusieflux kan worden gekwantificeerd door de verhouding van de molfractie CO2 op 
de CO2-H2O-uitwisselingsplaats (cm) en in de omringende lucht (ca), de cm/ca-verhouding. Op 
basis van onze bladexperimenten schatten we het effect van vegetatie op de 17O van 
atmosferisch CO2 wereldwijd op -0,65 ‰ en -0,3 ‰ voor respectievelijk C3- en C4-planten. 
Met behulp van 17O-schattingen van bladwater en atmosferisch CO2 uit een globaal model, 
schatten we de 17O-isoflux als gevolg van fotosynthese op -60 ± 15 ‰ PgCyr-1, wat in goede 
overeenstemming is met eerdere modelstudies. 
 
Dit proefschrift presenteert methoden om 17O van CO2 te meten met een precisie van 0,01 ‰, 
precies genoeg om seizoensvariaties in de 17O van troposferisch CO2 te detecteren. 
Nauwkeurige meting van 17O biedt nieuwe mogelijkheden voor het bestuderen van de 
interactie tussen atmosfeer en plant op verschillende schalen. Vanuit een 
plantenwetenschappelijk perspectief kan 17O van CO2/H2O worden gebruikt als een extra 
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tracer voor de geleidbaarheid van het mesofyl, een parameter die de fotosynthese sterk beperkt. 
De gevoeligheid van deze meting kan worden verhoogd wanneer relatief 17O-verrijkt CO2 
wordt gebruikt in de experimenten. In het algemeen tonen onze bevindingen aan dat de 
gevestigde theorie voor 18O conceptueel kan worden gebruikt voor 17O-CO2-uitwisseling, en 
de relevante theoretische vergelijkingen zijn afgeleid. Vanuit atmosferisch perspectief kan 

17O worden gebruikt om GPP te kwantificeren. Daartoe is het effect van fotosynthese op 17O 
van atmosferisch CO2 voor het eerst experimenteel gekwantificeerd in een echt 
gasuitwisselingsexperiment. De beperkende factoren voor het effect van fotosynthese op de 

17O van atmosferisch CO2 zijn onderzocht. We gebruiken de resultaten om een bottom-up 
schatting te geven voor wereldwijde 17O-fotosynthetische discriminatie op basis van de 
experimenten op bladschaal. 
 
In hoofdstuk 5 bespreken we de belangrijkste bevindingen en meetuitdagingen van 17O van 
CO2. Verder wijzen we erop hoe de nieuwe technieken gebruikt kunnen worden om de 
interlaboratoriumschaalconsistentie van 17O-metingen te verbeteren en om nieuwe inzichten 
te verkrijgen in de koolstof- en hydrologische cyclus en het fotosynthesemechanisme in 
toekomstige studies. 
 

Translated by Gerbrand Koren 
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