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Abstract 16 

 17 

The study of isotopic ratios of atmospheric oxygen in fossilized air trapped in ice core bubbles provides 18 

information on variations in the hydrological cycle at low latitudes and productivity in the past. 19 

However, to refine these interpretations, it is necessary to better quantify fractionation of oxygen in 20 

the biological processes such as photosynthesis and respiration. We set up a system of closed biological 21 

chambers in which we studied the evolution of elemental and isotopic composition of O2 due to 22 

biological processes. To easily replicate experiments, we developed a multiplexing system which we 23 

describe here. We compared measurements of elemental and isotopic composition of O2 using two 24 

different measurement techniques: optical spectrometry (Optical-Feedback Cavity- Enhanced 25 

Absorption Spectroscopy, i.e. OF-CEAS technique), which enables higher temporal resolution and 26 

continuous data collection and isotopic ratio mass spectrometry (IRMS) with a flanged air recovery 27 

system, thus validating the data analysis conducted through the OF-CEAS technique. As a first 28 

application, we investigated isotopic discrimination during respiration and photosynthesis. We 29 

conducted a 5-day experiment using maize (Zea mays L.) as model species. The 18O discrimination value 30 

for maize during dark plant respiration was determined as - 17.8 ± 0.9 ‰ by IRMS and - 16.1 ± 1.1 ‰ 31 

by optical spectrometer. We also found a value attributed to the isotopic discrimination of terrestrial 32 



 

2 
 

photosynthesis equal to + 3.2 ± 2.6 ‰ by IRMS and + 6.7 ± 3.8 ‰ by optical spectrometer. These 33 

findings were consistent with a previous study by Paul et al. (2023).  34 
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1. Introduction 63 

 64 

Oxygen, the most abundant chemical element on Earth, is present in all the geological layers, both 65 

internally and externally. In the surface layers of the Earth (atmosphere, biosphere, ocean), it is 66 

produced from water through the well-known biological process of photosynthesis. Consumption of 67 

O2 is mainly due to respiration. TheseThe photosynthesis and respiration fluxes are responsible for the 68 

seasonal variations of dioxygen concentration in the atmosphere (Keeling and Shertz, 1992) and play 69 

a role in the longer-term evolution of O2 (Stolper et al., 2016). Oxygen consists of three stable isotopes: 70 

16O, 17O and 18O. By measuring the ratios of these isotopes, we can document the physicochemical and 71 

biological processes involved in the oxygen cycle. We use the δ18O notation to express the isotopic 72 

signal of oxygen compared to a reference isotopic ratio (Eq. 1):  73 

 74 
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 76 

Oxygen isotopes do not have the same thermodynamic properties. Thus, during phase changes, 77 

fractionation occurs which is measured by the fractionation factor 𝛼 (Eq. 2): 78 
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where 𝑅 
18  is the ratio of the concentration 𝑅 

18 =  
𝑛( 𝑂 

18 )
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 and 𝑛 the number of moles of O2 containing 82 

18O or 16O.  83 

The isotopic discrimination is related to the isotopic fractionation factor through: 84 

𝜀 
18  =  𝛼 

18  − 1 (3) 85 

 86 

The isotopic composition of dioxygen in the atmosphere, δ18O of O2 in air, is often noted δ18Oatm. This 87 

signal, measured in the air bubbles in ice cores, can be used for ice core dating, related to the past 88 

variations of the hydrological cycle of water in the low latitudes, and the relative proportion of oceanic 89 
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vs terrestrial productivity. First, using the analyses of isotopic composition of dioxygen in the air 90 

trapped in ice cores, Bender et al. (1994) demonstrated that δ18Oatm varies synchronously with 91 

precession, a discovery that has been instrumental in using this proxy for dating ice cores (Petit et al., 92 

1999; Dreyfus et al., 2007). This influence of precession on δ18Oatm is possibly due to changes in the 93 

low-latitude hydrological cycle driven by precession (Bender et al., 1994; Severinghaus et al., 2009; 94 

Landais et al., 2010; Seltzer et al., 2017). Such variations in low-latitude hydrological cycle influence 95 

the δ18O of meteoric water which is then transmitted to the δ18Oatm through terrestrial photosynthesis. 96 

Supporting this, over the past 650,000 years, δ18Oatm has shown a strong correlation with δ18Ocalcite 97 

variations in East Asian speleothems (Wang et al., 2008; Cheng et al., 2016), which are largely 98 

controlled by shifts in the low-latitude water cycle, particularly monsoonal activity. 99 

The interpretation of δ18Oatm as wellan indicator for reconstructing oceanic and terrestrial productivity 100 

relies on the definition of the Dole effect (DE) calculated as to the biosphere productivity (Bender et 101 

al., 1994; Luz et al., 1999; Severinghaus et al., 2009; Brandon et al., 2020; Yang et al., 2022). The 102 

reconstruction of the difference between δ18Oatm and δ18Osw (sw referring to sea water). The present 103 

Dole effect has a value which is estimated to 24 ‰ (Bender et al., 1994; Hoffmann et al., 2004; Luz and 104 

Barkan, 2011).  105 

Bender et al. (1994), Malaizé et al. (1999) and Hoffmann et al. (2004) proposed that changes in the 106 

Dole effect are driven by the relative proportioncontribution of oceanic vs terrestrial and oceanic 107 

productivity can be done using δ18Oatm only. This conclusion arises from the fact that the terrestrial 108 

Dole effect defined as long as the the enrichment of atmospheric O2 δ18O relative to δ18Osw due to 109 

terrestrial biosphere fluxes is estimated to be several permil higher than the oceanic Dole effect, which 110 

results from oceanic biosphere fluxes. This conclusion is based on of the available determinations of 111 

O2 fractionation coefficients of 18O / 16O associated with biological processes are known. The second 112 

application (biosphere productivity reconstruction) relies on the observation that biological 113 

productivity processes (respiration and photosynthesis) fractionate oxygen in a mass dependent 114 

manner (i.e. there is a consistent relationship between changes in δ17O and δ18O, approximately equal 115 

to 0.5), while dioxygen originating from exchanges with the stratosphere has an isotopic composition 116 

affected by mass independent fractionation (hence a relationship between changes in δ17O and δ18O 117 

significantly different from 0.5 i.e. between 1 and 2). The relative proportion of biosphere productivity 118 

vs stratospheric exchange fluxes sets the value of the relationship between δ17O vs δ18O in the 119 

troposphere, which is often described as 𝛥 𝑂 
17 = ln(1 + 𝛿 𝑂) − 0.516 × ln(1 + 𝛿 𝑂) 

18
 

17  (Luz et al., 120 

1999). In parallel, the same parameter Δ17O measured in the air dissolved in the ocean permits to 121 
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constrain the gross biosphere productivity when combined with the concentration of O2 measured as 122 

the ratio O2/Ar (Luz et al., 2000). 123 

Previous studies conducted over the yearsprevious decades at the cell or organism level (Guy et al., 124 

1993; Angert et al., 2001; Helman et al., 2005; Eisenstadt et al., 2010; Stolper et al., 2018) have already 125 

revealed variations in oxygen fractionation among different biological species and methods employed. 126 

Guy et al. (1993) conducted investigations on spinach thylakoids, cyanobacteria (Anacystis nidulans) 127 

and diatoms (Phaeodactylum tricornutum), and estimated a respiratory discrimination of oxygen by 128 

about 21 ‰. Kroopnick and Craig (1972) measured this effect on plankton incubated in natural 129 

seawater and obtained a similar value. Luz and Barkan (2002) found a respiratory fractionation of 21.6 130 

‰ on incubation experiments with natural plankton in Lake Kinneret. Finally, the global average 131 

oceanic respiratory fractionation value given by Luz and Barkan (2011) is 19.7 ‰ on samples from the 132 

Celtic Sea, Southern Ocean, North Atlantic and Red Sea. For terrestrial respiration, using a compilation 133 

of values from previous experiments, Bender et al. (1994) gave a global respiratory fractionation value 134 

of 18 ‰. Angert et al. (2001) focused on soil samples and gave a soil respiratory fractionation (roots 135 

and micro-organisms) of around 12 ‰. This lower value is the result of the role of roots in limiting 136 

oxygen diffusion in the consumption site. 137 

Guy et al. (1993) showed that photosynthesis does not fractionate oxygen between the water 138 

consumed and the dioxygen produced by the organism. However, Eisenstadt et al. (2010) found later 139 

a discrimination up to 6 ‰ for oceanic photosynthesis on a study on oceanic phytoplankton, whereas 140 

Paul et al. (2023) found a discrimination of 3.7 ± 1.3 ‰ for terrestrial photosynthesis with an 141 

experiment performed at the scale of a terrarium with Festuca arundinacea. Such different 142 

contributions lead to different interpretation of past variations in δ18Oatm or Dole effect. 143 

The variety of values found for the different studies can be attributed to the different set-up used, 144 

different environment or different species. To determine robust values of fractionation coefficients, it 145 

is necessary to proceed in a systematic way and use the same set-up for a large variety of plants and 146 

environments which is the goal of the set-up detailed in this study. 147 

Finally, note that isotopic composition of O2 can be used to quantify global biosphere productivity 148 

(Bender et al., 1994; Luz et al., 1999; Severinghaus et al., 2009; Brandon et al., 2020; Yang et al., 2022). 149 

Such reconstruction relies on the observation that biological productivity processes (respiration and 150 

photosynthesis) fractionate oxygen in a mass dependent manner (i.e. there is a consistent relationship 151 

between changes in δ17O and δ18O, approximately equal to 0.5), while dioxygen originating from 152 

exchanges with the stratosphere has an isotopic composition affected by mass independent 153 

fractionation (hence a relationship between changes in δ17O and δ18O significantly different from 0.5 154 
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i.e. between 1 and 2). The relative proportion of biosphere productivity vs stratospheric exchange 155 

fluxes sets the value of the relationship between δ17O vs δ18O in the troposphere, which is often 156 

described as 𝛥 𝑂 
17 = ln(1 + 𝛿 𝑂) − 0.516 × ln(1 + 𝛿 𝑂) 

18
 

17  (Luz et al., 1999). In parallel, the same 157 

parameter Δ17O measured in the air dissolved in the ocean permits to constrain the gross biosphere 158 

productivity when combined with the concentration of O2 measured as the ratio O2/Ar (Luz et al., 159 

2000). 160 

Although our system can in theory enable determination of the triple isotopic composition of O2 161 

(through IRMS, Isotopic Ratio Mass Spectrometry), we will focus on δ18O of O2 in the present study. 162 

We thus concentrate on fractionation coefficients needed to interpret δ18Oatm records only. 163 

In this study, we present an automated setup which can be used to perform numerous systematic 164 

studies of the fractionation factor of oxygen during biological processes. Similar to the study of Paul et 165 

al. (2023), we used closed growth chambers to quantify oxygen fractionation factors associated with 166 

respiration and photosynthesis of Festuca arundinacea. The novelty is that we worked with up to three 167 

closed chambers simultaneously in an automated way which allows an exploration of numerous 168 

different plant species and climatic conditions. Moreover, the isotopic analyses are now performed 169 

with an optical spectrometer (Optical-Feedback Cavity-Enhanced Absorption Spectroscopy, i.e. OF-170 

CEAS technique) in addition to IRMS. This spectrometer allows studying the concentration and the 171 

isotopic composition of O2 in the different chambers in a continuous way.  172 

This manuscript is organized as follows. First, we will present new developments on closed biological 173 

chambers compared to the study of Paul et al. (2023) as well as the multiplexing system integrating 174 

continuous measurements of elemental and isotopic composition of O2. Then, we will present the 175 

results of a biological experiment where photosynthesis and respiration took place. Finally, we will 176 

provide estimate of fractionation factors through two analytical techniques: optical spectrometry and 177 

IRMS. 178 

 179 

2. Material and Methods 180 

 181 

2.1. Growth chamber and closed system 182 

 183 

A set of three airtight transparent welded polycarbonate chambers (120 L volume) were adapted from 184 

the chamber described in Paul et al. (2023) and Milcu et al. (2013). The main controlled environmental 185 
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parameters inside the closed chambers were temperature, light intensity, CO2 concentration, relative 186 

humidity and differential pressure. 187 

CO2 mixing ratio during light period (dominated by photosynthesis) was regulated with short (30s) 188 

pulses of pure CO2 provided at regular intervals (90s for a sequence with 3 chambers) to each chamber 189 

using a mass flow controller (F200CV, Bronkhorst, The Netherlands) and a Valco selector (EUTF-190 

SD12MWE, VICI AG International, Switzerland). During the dark period (dominated by plant and soil 191 

respiration), the CO2 is trapped through a 0.5-liter cylinder filled with soda lime and was connected to 192 

a NMS020B KNF micropump. 193 

Unlike the system described in Paul et al. (2023) (Fig.1), relative humidity in each chamber was 194 

controlled using a thermoelectric cooler (100 watt, ET-161-12-08-E Adaptive). The cooled side of the 195 

cooler was in thermal contact with an aluminum rod (1.5 cm diameter) connected to a heat exchanger 196 

acting as condenser inside the chamber. The temperature of the condenser block was monitored with 197 

a thermistor, and the condensed water was directed to the plastic tray containing the plant using an 8 198 

mm plastic tube. 199 

Each chamber was used as a closed gas exchange system, and placed in a separate controlled 200 

environment growth chamber, in the Microcosms experimental platform of the Montpellier European 201 

Ecotron. The temperature of the growth chamber was automatically adjusted in order to keep constant 202 

the temperature at 20°C inside the closed chamber (growth chamber usually set between 20 and 21°C 203 

during dark period and around 18°C during light period because of the greenhouse effect in the 204 

chamber). Air and soil temperature were monitored using 4 NTC probes (CTN 35, Carel). Air relative 205 

humidity and temperature were monitored with a capacitive humidity sensor and a PT100 (PFmini72, 206 

Mitchell Instruments, USA). Air CO2 mixing ratio was monitored using a K30 probes (K30, Senseair).  207 

To find potential leaks in each chamber, helium tests were performed before each experiment. 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 
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 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

a)   224 

 225 

 226 

b) 227 
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 228 

Fig.1. The set-up of the closed chamber system hosting a vegetation-soil atmosphere analogue of the 229 

terrestrial biosphere. (a) Schematic of the closed chamber setup used for the terrestrial biosphere 230 

model. The closed chamber was enclosed in a larger growth chamber. Main environmental parameters 231 

inside the closed chamber were actively controlled and monitored: temperature (T), light intensity, 232 

CO2, relative humidity (RH), pressure differential (ΔP). The water cycle in the closed chamber is shown 233 

in blue. (b) Photograph of the closed chamber used in the experiment with Zea Mays. 234 

 235 

2.2. Multiplexing system 236 

 237 

With this set-up, we continuously measured the isotopic composition of O2 using an online optical 238 

spectroscopy instrument, hereafter the isotopic analyzer. For each chamber, air circulated through 239 

two external closed loops connected by a tee. The first loop is made of 1/8-inch PFA tubing and used 240 

a Valco selector (12 positions 1/8 inch, EUTF-SD12MWE, VICI AG International, Switzerland) to enable 241 

the air to circulate from one closed chamber through the isotopic analyzer and back to the closed 242 

chamber (Fig.2). The Valco valve selected the origin of the air to be sent to the isotopic analyzer. Five 243 

different origins can be selected (but more can be added): three different closed system chambers and 244 

two reference gases ((1) dried atmospheric air (with a magnesium perchlorate trap), (2) synthetic air 245 

(Alphagaz 2, Air Liquide, France) or dry natural air with 23 % O2 (Natural Air, Air Liquide Espana, Spain)). 246 
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Air at the entrance of the isotopic analyzer was dried with a 20 cm long trap (6 mm PFA tube filled with 247 

magnesium perchlorate, renewed daily), and filtered (Millex-FH 0.45 µm/50 mm PTFE hydrophobic 248 

filter, Merck, Germany).  249 

 250 

 251 

 252 

 253 

 254 

Fig.2. Diagram of the multiplexing system: the enclosed atmosphere of three biological system 255 

chambers circulates through automated flask sampling systems using loops employing ¼” PFA tubing 256 

and micro-pumps. Subsequently, air from these loops is sub-sampled using 1/8-inch PFA tubes and 257 

Valco selectors and analyzed with an isotope analyzer.  258 

Once analyzed, the air stream entered a membrane pump (N811KN.18, KNF, Germany), and 259 

subsequently the common port of a second Valco selector (12 positions 1/8 inch, EUTF-SD12MWE, VICI 260 

AG International, Switzerland). The air was then either redirected to its chamber of origin (closed 261 
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circuit) or vented outside of the chamber through an exhaust port for the calibration gases. The 262 

multiplexer composed of two Valco valves ensure three functions : (1) “calibration” : dried ambient air 263 

or synthetic air is provided to the spectrometer, and the outlet is vented to the atmosphere, (2) 264 

“purge”: the remaining air still present inside the spectrometer is vented to the atmosphere, until it is 265 

fully replaced by the new stream of air (in order to avoid cross contamination of the air between 266 

chambers, or contamination of a given chamber with the calibration stream), (3) “measurement”: the 267 

air sub-sampled from a given chamber is flowing through the spectrometer, and then back to the 268 

chamber. A typical sequence is described in Table 1. 269 

Table 1. Typical measurement sequence with the optical spectrometer. Note that a small amount 270 

(around 5 mL) of air sampled from the chamber is wasted (Valco 2 exhausts to atmosphere) during the 271 

purging phase. 272 

Phase Duration (s) Valco 1  

(Port selected) 

Valco 2  

(Port selected) 

Targeted 

chamber 

Calibration 300 7 7 - 

Purge 20 1 7 1 

Measurement 280 1 1 1 

Calibration 300 7 7 - 

Purge 20 2 7 2 

Measurement 280 2 2 2 

Calibration 300 7 7 - 

Purge 20 3 7 3 

Measurement 280 3 3 3 

 273 

The second loop, used in parallel to the first one described above, is dedicated to the sampling of air 274 

for further analysis by IRMS, as already done in Paul et al. (2023) (Fig.2). Air sampled from each 275 

chamber was circulating continuously into a closed loop (PFA tubing, 1/4-inch, total length between 5 276 

and 10m depending on the chamber location relative to the measurement system) using a micropump 277 

with a flow rate of approximatively 1 L/min (NMS020B, KNF, Germany), through an automated flask 278 

sampling system. All tubes were heated using self-regulating heating cable (15W/15 W m, reference-1, 279 

Technitrace, France), and the sampling system was located in a temperature regulated enclosure (25 280 

to 30°C). The sampling system was made of two three-way pneumatic valves for each chamber (M8.1 281 

VBV, Rotarex) connected to a glass flask (5mL, as described in Paul et al. (2023)) with two Ultra-Torr 282 

fittings (SS-4-UT-9, Swagelok, USA) and ensured three functions as described in Table 1: (2) “Purge”: 283 
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the flask is isolated from the closed loop and connected to a vacuum pump (1 to 5 mbar), (2) 284 

“Sampling”: the air from the loop is flowing through the sampling flask and back to the loop, (3) “Hold”: 285 

the flask is isolated from the closed loop in order to be manually closed and collected. During a typical 286 

sequence, each flask was evacuated (“purge”) for 10 minutes, then the “sampling” was activated for 287 

at least 30 minutes, and “hold” was triggered at a time selected by the user using a computer-288 

controlled system (Table 2). 289 

 290 

Table 2. Sampling sequence with the flask sampling system. 291 

State Valves Air flow Duration (min) 

 1 2 3 4   

Purge Open Closed Open Closed Flask bypassed 10 

Sampling Closed Open Closed Open Through flask 30 

Hold Closed Closed Open Closed Flask bypassed to be adjusted 

 292 

2.2.2. Description of control commands 293 

 294 

The control software was developed using open-source Python libraries (PyQt5 for the GUI) and 295 

homemade drivers to interact with the various elements (valves, sensors, regulators, etc.) through 296 

serial connections. It included a user interface displaying the state of relevant components and the 297 

value of the different sensors. The software had three main functions: 298 

- controlling the chamber's CO2 injection rate: the desired CO2 rate target can be set and the automatic 299 

regulation can be turned on or off using the GUI (Graphical User Interface). The CO2 trap state and the 300 

CO2 injection flow rate were also displayed. Real-time plots showed the CO2 in ppm of each chamber, 301 

for quick and easy visual control. 302 

- controlling the flow path of the optical spectrometry analyzer, by sending commands to the upstream 303 

and downstream valves. A sequencer can be used to define how long and in which order the chambers 304 

or calibration gases should be measured by the optical spectrometer. 305 

- controlling the flask sampling. This part controls the pneumatic valves which create the flow path for 306 

purging, filling or holding the content of the flask. The duration of the purge and the absolute 307 

timestamp of the sampling can be set individually for each chamber, for automatic sampling, while 308 

manual operation is still possible. 309 
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Furthermore, the control software retrieved concentration data from the optical spectrometer via an 310 

Ethernet connection and merged it with the flow path data into an unified, time-consistent file for 311 

convenient future analysis. 312 

 313 

2.2.3. Mass spectrometry and optical spectrometry analyses 314 

 315 

 2.2.3.1. Mass spectrometry analyses technique 316 

 317 

In order to be able to compare the evolutions of δ18O of O2 and δO2/N2 measured by the mass 318 

spectrometer and the optical spectrometer during light and dark periods, we collected the air in the 319 

chamber via the flask sampling system during one dark period (night 1) and one light period (day 2). 320 

We collected 6 flasks for the dark period and 5 flasks for the light period. 321 

The air sampled by the flask system of the second loop was transported to LSCE. The air collected was 322 

purified by a semi-automatic separation line (Capron et al., 2010) and analyzed by a Delta V plus dual 323 

inlet mass spectrometer (Thermo Electron Corporation). One run consists of 2 series of 16 324 

measurements for each sample and measures the isotopic composition of the air: δ18O of O2 and 325 

δO2/N2 (Extier et al., 2018). 326 

 327 

 2.2.3.2. Optical spectrometry analyses (OF-CEAS technique) 328 

 329 

The description of the OF-CEAS laser optical spectrometer is detailed in Piel et al. (preprint). The 330 

spectrometer measured simultaneously 18O of O2 and O2 mixing ratio. In our case, because of an 331 

experimental problem during the experiment, the instrument was working with a slightly deteriorated 332 

precision. Liquid water entered the instrument due to condensation in the piping connected to the 333 

instrument. 334 

 335 

 336 

 337 

 338 

 339 
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 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

a) 358 
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 359 

 360 

b) 361 

 362 

Fig. 3 Allan deviation for (a) δ18O of O2 and (b) O2 concentration from optical spectrometry during our 363 

studies (i.e. deteriorated mode). 364 

In order to estimate the instrument overall precision versus raw measurement integration time, we 365 

used Allan deviation which is the square root of Allan variance (Werle, 2011). The minimum of the 366 

curve can be interpreted as the best precision the instrument can achieve and the optimum integration 367 

time. In our case (Figure 3), the best precision was 0.08 ‰ and 22 ppm for δ18O and O2 mixing ratio 368 

respectively, with an optimum integration time of 10 minutes. Furthermore, the δ18O of O2 level 369 
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remains consistently below 0.1 ‰ for a duration of 20 minutes. Based on this trend, we can infer that 370 

calibrating the instrument every 20 minutes would prevent any drift-related issues. 371 

 372 

373 

Fig.4 Example of an 18-minute measurement sequence for a closed chamber with two calibrations. 374 

Grey rectangle corresponds to calibration 1, i.e. synthetic air (with a δ18O of O2 value of - 60 ‰ 375 

measured by IRMS and with a O2 concentration of 20.9 %), measured for 6 min. Green rectangle 376 

corresponds to calibration 2, i.e. atmospheric air (with δ18O of O2 value equal to 0 ‰ and O2 377 

concentration 21 %), measured for 6 min. Yellow rectangle corresponds to the air measurement of the 378 

closed chamber measured for 6 min. All the pink rectangles represent the memory effect of the 379 

analyzer, those measurement points were removed from the processed and analyzed data (i.e. first 2 380 

minutes removed). (a) δ18O of O2 in black and (b) O2 concentration in red. 381 

For our sequence of measurements, we choose two calibration gases: the atmospheric air which is the 382 

reference gas and a synthetic gas which had an isotopic signature of - 60 ‰ for the δ18O of O2 and a 383 

concentration of O2 of 23%. The sequence of measurements experiments was then: 6 min of 384 

measurement of synthetic air - 6 min of measurement of atmospheric air - 6 min of measurement of 385 

air in the chamber. This sequence was then applied to each of the 3 chambers and a full sequence 386 

lasted 18 min (Fig.4). 387 

We had a clear memory effect when switching from one gas to another (Fig. 4). As a consequence, we 388 

removed the data of the first 2 minutes before averaging the measurements over the last 4 minutes 389 

(the instrument provided measurements at a frequency of 3 Hz) to get one averaged value. Finally, 390 

there was a dependence of δ18O of O2 on the concentration of O2 for the spectrometry analyzer and 391 
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for this study, the correction for the influence of O2 concentration on δ18O of O2 is given by: 392 

δ18Ocorr=δ18Omeasured – (0.3736 × [O2] +0.0165) (details in Piel et al. (preprint)). 393 

 394 

2.2.5. Experimental run 395 

 396 

We present here the results of one experiment performed on growing maize (Zea mays L.) on a typical 397 

compost soil (Terreau universel, Botanic, France. Composition: black and blond peat, wood fibre, green 398 

compost and vermicompost manure, organic and organo-mineral fertilizers and micronutrient 399 

fertilizers) in three closed chambers in parallel. The experiment lasted 5 days, with alternating dark 400 

and light periods as follows: day 1 (6 h light) / night 1 (37 h dark) / day 2 (6 h light) / night 2 (56 h dark) 401 

/ day 3 (10 h light). The dark periods were imposed to be longer than the light periods because the 402 

production rate of oxygen during photosynthesis was much stronger than the consumption rate of 403 

oxygen by respiration. Maize was chosen as the preferred option, as it is a C4 model plant and enables 404 

photosynthetic fluxes to be clearly differentiated from respiratory fluxes (no photorespiration for C4 405 

plants), so that biological fractionation factors can be calculated easily. 406 

 407 

2.2.4. Quantification of fractionation factors associated with respiration and photosynthesis 408 

process 409 

 410 

In order to calculate the fractionation factors associated with dark respiration and photosynthesis of 411 

soil and maize, we used the equations 4 and 5 (for details, refer to Paul et al. (2023)). 412 

The isotopic discrimination for dark respiration, 18dark_respi, is given by:  413 

𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 = 𝛼 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 − 1 =

𝑙𝑛 (
𝛿18𝑂

 
𝑡 + 1

𝛿18𝑂
 

𝑡0 + 1
)

ln (
𝑛(𝑂

 
2)

 
𝑡

𝑛(𝑂
 
2)

 
𝑡0

) 

(4) 414 

         415 

Where 18dark_respi is the dark respiration fractionation factor, t0 is the starting time of each dark period 416 

and t is the time of the experiment. 417 

𝑛(𝑂2)𝑡

𝑛(𝑂2)𝑡0
 is linked to 𝛿 (

𝑂2

𝑁2 
) as: 418 
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 419 

𝑛(𝑂2)𝑡

𝑛(𝑂2)𝑡0
=

𝛿(
𝑂2
𝑁2 

)
𝑡

1000
+1

𝛿(
𝑂2
𝑁2 

)
𝑡0

1000
+1

(5) 420 

   421 

 422 

Photosynthesis fractionation factor, 18photosynthesis, is calculated as:  423 

 424 

𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 = 𝛼 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 1

=
𝑛(𝑂2)𝑡 / 𝑛(𝑂2)𝑡0  ×  𝑎 𝑅 

18  +  𝑅𝑡 
18  ×  ( 𝐹𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  −  𝐹𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 +  𝛼 

18
𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖  ×  𝐹𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖) 

 𝑅𝑙𝑤 
18  ×  𝐹𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

(6)
 425 

          426 

Where 𝑎 𝑅 
18 =

 𝑑 𝑅 
18

𝑑𝑡 
  during the light period, 𝐹𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  and  𝐹𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖   are, respectively, 427 

photosynthesis and dark respiration fluxes of oxygen and lw stands for leaf water. 428 

Note that because maize is a C4 plant, we consider that photorespiration and Mehler reaction were 429 

not involved in the O2 consumption by the plant.  430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 
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3. Results 441 

 442 

3.1. Comparison between mass-spectrometry and optical-spectrometry analysis 443 

 444 

    445 
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 446 

  447 

 448 

Fig.5 Evolution of the different isotopic ratios of the soil and maize experiment due to dark respiration 449 

and photosynthesis (starting 05/10/22 and ending 10/10/22) in closed chambers over 5 days. Grey 450 

rectangles correspond to dark periods and white rectangles to light periods. (1) corresponds to 451 

chamber 1, (2) chamber 2, (3) chamber 3. (a) δ18O of O2 variations. (b) δO2/N2 variations. Black points: 452 

optical spectrometer’s data (OF-CEAS). Red stars: data obtained by IRMS. Red dashed line: linear 453 

regression of optical spectrometer data for one period (dark or light). Black dashed line: linear 454 

regression of IRMS data for one period (dark or light). Pink envelopes represent uncertainty envelops 455 

associated with linear regression slopes and intercept of optical spectrometer data for δ18O of O2. Note 456 

that the first period of light is not considered because the system is not stable at that stage. 457 
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Figure 5 presents the evolution of the elemental concentration and isotopic composition of dioxygen 458 

in the biological chambers during the experiment described in the previous section. Because of 459 

calibration, averaging and switch from one chamber to another every 18 minutes, the optical 460 

spectrometry analyzer provides only one δ18O of O2 and O2 concentration value every 54 minutes in 461 

each chamber.   462 

During dark periods, when there was only soil and plant respiration, δ18O of O2 increased by 1 ‰ and 463 

δO2/N2 decreased by 50-60 ‰ (Fig. 5). During the light period, when both photosynthesis of plant and 464 

respiration in the plant and soil occurred, the δ18O of O2 decreased by 1 ‰ and δO2/N2 increased by 465 

around 50 ‰ at a rate twice as fast as the decrease of respiration rate observed during nigh periods.  466 

In Figure 5, the optical spectrometer-derived δ18O of O2 data displayed a higher degree of scattering 467 

compared to the data obtained through the use of IRMS. Nonetheless, the regression slopes computed 468 

for each period (dark and light period) demonstrate a general comparability, regardless of whether 469 

they are derived from the IRMS or optical spectrometer data (see Table 3). This finding holds significant 470 

importance as the fractionation factors were determined based on the values of these regression 471 

slopes. 472 

Table 3. Average and standard deviation of the isotopic discriminations of maize and the number of 473 

data for all the experiment (with data of the three chambers) on which they were calculated 474 

Isotopic discriminations of 
maize 

Average (‰) and standard deviation Number of data 

 IRMS OF-CEAS IRMS OF-CEAS 

𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 - 17.8 ± 0.9 - 15.9 ± 1.4 18 249 

𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 3.2 ± 2.6 6.72 ± 3.38 21 57 

 475 

 476 

From the results displayed on Figure 5, it was possible to calculate the isotopic discrimination found 477 

for dark respiration as 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖  - 17.8 ± 0.9 ‰ and- 15.9 ± 1.4 ‰ for IRMS and optical spectrometer 478 

respectively (Table 4). For photosynthesis, the isotopic discrimination found for 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 , is + 479 

3.2 ± 2.6 ‰ and + 6.72 ± 3.38 ‰, for IRMS and optical spectrometer respectively.  480 

The value of isotopic discrimination, 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 , associated with maize growing on soil agreed with 481 

the literature. Guy et al. (1989) found a value equal to - 17 and - 19 ‰ for 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖  for 482 

Phaeodactylum tricornutum and terrestrial plants. Helman et al. (2005) found a value of 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖  483 

equal to -17.1 ‰ for bacteria from the Lake Kinneret and a value of - 19.4 ‰ for Synechocystis. Paul 484 

et al. (2023), found, for Festuca arundinacea a value equal to - 19.1 ± 2.4 ‰. Our value for 485 
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𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 for maize is also close to the value determined by Paul et al. (2023): + 3.7 ± 1.3 ‰ for 486 

Festuca arundinacea species. In both cases we observe a positive value. Our value hence confirms the 487 

existence of an apparent isotopic discrimination for terrestrial photosynthesis.  488 

4- Discussion  489 

 490 

The value of isotopic discrimination, 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 , associated with maize growing on soil agreed with 491 

the literature. Guy et al. (1989) found a value equal to - 17 and - 19 ‰ for 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖  for 492 

Phaeodactylum tricornutum and terrestrial plants. Helman et al. (2005) found a value of 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖  493 

equal to -17.1 ‰ for bacteria from the Lake Kinneret and a value of - 19.4 ‰ for Synechocystis. Paul 494 

et al. (2023), found, for Festuca arundinacea a value equal to - 19.1 ± 2.4 ‰.  495 

Our value of 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 for maize is also close to the value determined by Paul et al. (2023): + 496 

3.7 ± 1.3 ‰ for Festuca arundinacea species. In both cases we observe a positive value which 497 

contradicts the value classically used of 0 ‰ from Guy et al. (1993). Our value hence confirms the 498 

existence of an apparent isotopic discrimination for terrestrial photosynthesis. This leads to an 499 

increase of the δ18O of O2 value associated with terrestrial biosphere compared to the latest study of 500 

Luz and Barkan (2011). As a consequence, it is still an open question to know of δ18Oatm and Dole 501 

effectvariations should be interpreted solely as a change in the low latitude atmospheric water cycle 502 

or if the relative change in the marine vs terrestrial biological productivity also plays a role. Future 503 

studies should hence use a set-up similar to ours to systematically study the O2 fractionation 504 

coefficients associated with biological processes.  505 

 506 

5- Conclusions and perspectives 507 

We have developed and presented a new automated multiplexing system that facilitates the study of 508 

gas exchange between plants and the atmosphere. This system offers several key advantages. First, it 509 

allows continuous measurements of the isotopic and elemental composition of dioxygen in the 510 

biological chamber, removing the need for manual sampling. Second, it provides near-real-time 511 

monitoring of δ¹⁸O of O₂ and O₂ concentration during experiments, enabling adjustments to 512 

environmental conditions, such as dark and light cycles, in real time. Finally, it supports the convenient 513 

replication of experiments, enabling systematic studies across a wide range of environmental 514 

conditions, plant species, and soil types. 515 
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In the application of this system to maize, the fractionation factors for dark respiration ( 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖  : 516 

- 17 ± 2 ‰) and photosynthesis ( 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  : + 6.7 ± 3.3 ‰) are consistent with literature values, 517 

though the relatively large uncertainties highlight some current limitations, including suboptimal 518 

performance of the optical spectrometry and excessive calibration time. Stability tests of the 519 

calibration gases indicated that less frequent calibrations (e.g., measuring both gases twice daily and 520 

one calibration gas every 15 – 20 minutes) would be sufficient to ensure accuracy. 521 

Our automated system has significant potential for broader applications. First, its open-code design 522 

and use of relatively low-cost sensors (excluding the optical spectrometry analyzer) make it easily 523 

adaptable to other biological experiments. Second, coupling this system with other optical 524 

spectrometers, such as Picarro or Los Gatos Research (LGR) trace gas instruments, could enable the 525 

quantification of trace gas exchanges, including N₂O and CH₄ (and their isotopologues), between the 526 

plant/soil system and the atmosphere. 527 

Future studies should focus on upgrading the instrumentation to enhance performance and reduce 528 

uncertainties in isotopic fractionation measurements. Additionally, optimizing calibration frequency 529 

will improve experimental efficiency and reliability. This system paves the way for more 530 

comprehensive and systematic investigations into gas exchange processes under diverse conditions. 531 
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