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Abstract  28 

 29 

Understanding the global Dole effect (DE) is essential for interpreting variations in the 30 

oxygen and water cycles. This study aims at refining the biological fractionation factors 31 

during respiration and photosynthesis in terrestrial plants and reassess their impact on 32 

the DE. Using multiplexed closed chamber experiments on five C3 and C4 plant species 33 

under soil and hydroponic conditions, we quantified isotopic discrimination during 34 

respiration (−16 to −21 ‰) and photosynthesis (approximately +3 to +5 ‰). These 35 

results confirm a previously reported positive discrimination associated with terrestrial 36 

photosynthesis, challenging the assumption of zero fractionation in this process. By 37 

incorporating these new estimates into updated calculations obtained using outputs of 38 

Earth system models, we obtain variations in DE between the last glacial maximum and 39 

the pre-industrial period consistent with ice core data. However, the changes around 40 

6,000 years ago cannot be explained solely by variations in terrestrial and oceanic 41 

productivity ratios, reinforcing the role of low-latitude hydrological processes. These 42 

results highlight the need to improve quantification of biological fractionation associated 43 

with the oxygen cycle in reconstructions of past atmospheric composition. 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 
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1. Introduction  54 

 55 

Air oxygen (O2) is the most abundant element on Earth. Photosynthesis is the biological 56 

mechanism by which oxygen is produced by terrestrial and marine organisms, while it is 57 

consumed by another process, respiration. The study of isotopic composition of O2 makes 58 

it possible to study all the fundamental biogeochemical cycles, in particular those of O2, 59 

CO2 and water. The analysis of ancient air trapped in bubbles in ice cores provides a signal 60 

of past variations in the ratio of oxygen 18 (18O) to oxygen 16 (16O) or δ18O of air O2 (also 61 

known as δ18Oatm). The δ18Oatm variations can be interpreted as variations in the 62 

hydrological cycle at low latitudes and/or as variations of the relative proportion of the 63 

oceanic vs terrestrial biosphere productivity (Bender et al., 1994; Luz et al., 1999; Malaizé 64 

et al., 1999; Severinghaus et al., 2009; Blunier et al., 2002; Landais et al., 2010; Luz and 65 

Barkan, 2011). Several studies have measured the enrichment of δ18Oatm vs. the δ18O of 66 

water of the global ocean (with a value very close to the one of the Vienna Standard Mean 67 

Ocean Water, VSMOW) to be 23.5 - 24 ‰ (Dole, 1935; Kroopnick and Craig, 1972; Barkan 68 

and Luz, 2005; Pack et al., 2017; Wostbrock and Sharp, 2021). This difference between 69 

δ18Oatm and δ18Osw (sw for sea water) varies with time and is named the Dole effect (DE). 70 

Subsequently, several studies have attempted to estimate the various parameters 71 

contributing to the Dole effect in order to get as close as possible to this value of 24 ‰ 72 

(Bender et al., 1994; Hoffman et al., 2004; Luz and Barkan, 2011) and better understand 73 

the processes involved. 74 

Understanding past variations in δ18Oatm and the Dole effect remains a subject of ongoing 75 

research. More than 30 years ago, Bender et al. (1994) demonstrated that δ18Oatm varies 76 

in phase with precession, establishing its further utility as a dating tool for ice cores 77 

(Dreyfus et al., 2007; Bazin et al., 2013; Bouchet et al., 2023). It has been proposed that 78 

these isotopic fluctuations are influenced by shifts in the low-latitude hydrological cycle, 79 

which impact the isotopic composition of the water consumed by the plants and 80 
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transmitted to the atmospheric O2 during photosynthesis (Landais et al., 2010; Seltzer et 81 

al., 2017, Extier et al., 2018). One of the strongest lines of evidence for this connection is 82 

the close correspondence between δ18Oatm and δ18Ocalcite recorded in East Asian 83 

speleothems over the past 650,000 years (Cheng et al., 2016; Huang et al., 2020), reflecting 84 

the sensitivity of these proxies to monsoonal variability and broader tropical climate 85 

dynamics (Wang et al., 2008). 86 

In addition, Bender et al. (1994), Malaizé et al. (1999) and Hoffmann et al. (2004) suggested 87 

that variations of the Dole effect are influenced by the relative proportion of terrestrial vs 88 

oceanic productivity, an interpretation which was challenged by Luz and Barkan (2011) 89 

who proposed that Dole effect is only a marker of variations in the hydrological cycle at 90 

low latitudes. The differences between these interpretations is linked to the different 91 

estimates of the fractionation factors of the biological processes. Finally, a recent study 92 

by Paul et al. (2023) noticed a non-zero discrimination (3.7 ‰) for the terrestrial 93 

photosynthesis contradicting the previous experimental determination of Guy et al. 94 

(1993). This result again challenges the interpretation of the Dole effect variations.   95 

The terrestrial photosynthetic discrimination evidenced by Paul et al. (2023) needs to be 96 

verified since the experiment was carried out on a single plant species. Moreover, this 97 

experiment was not performed at the organism scale as in previous studies (Helman et 98 

al., 2005; Eisenstadt et al., 2010) but at the scale of the ecosystem, hence involving the 99 

presence of soil. While this approach may better reflect reality, other processes occurring 100 

during the light period, besides photosynthesis, could influence the determination of the 101 

fractionation coefficient during photosynthesis. The first objective of our study is thus to 102 

better quantify the discriminations of terrestrial respiration and photosynthesis in closed 103 

chambers on a larger number of terrestrial plant species. As a second objective, we revise 104 

the interpretation of the Dole effect using the newly estimated fractionation coefficients. 105 
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The manuscript is organized as follows. In a first section, we present the general evolution 106 

of ideas on the calculation and the interpretation of δ18Oatm and the Dole effect. The 107 

second section is devoted to materials and methods, and provides details on the plants 108 

and controlled biological chambers used in the study. Modeled gross primary production 109 

outputs from Paleoclimate Modelling Intercomparison Project (PMIP) were also used to 110 

help interpretation of the global Dole effect. The third section presents the results of 111 

biological fractionation coefficients for the different plants. Finally, the last section 112 

explores the implications of the newly calculated fractionation coefficients for interpreting 113 

the Dole effect. 114 

 115 

 116 

2. State of art: general concept of calculation and interpretation of 117 

δ18Oatm 118 

 119 

2.1. Calculations of δ18Oatm and Dole effect 120 

 121 

2.1.1. The definition of Dole effect 122 

 123 

We follow conventional choice of isotopic standard used in relevant literature: the δ18Oatm 124 

is expressed with respect to present-day atmospheric air as a standard. In contrast, δ18Osw 125 

is expressed with respect to the international standard for water: Vienna Standard Mean 126 

Ocean Water (V-SMOW). The difference in the δ18O of O2 value for present-day 127 

atmosphere and in the δ18O of H2O for the V-SMOW standard is called the Dole effect 128 

(DE):  129 

 130 

 𝛿18𝑂𝑎𝑡𝑚  = 𝛿18𝑂𝑠𝑤  + 𝐷𝐸 (1) 131 

 132 
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The Dole effect is caused by the different processes involved in the oxygen and water 133 

cycles, the major O2 fluxes on Earth being photosynthesis and respiration.  134 

 135 

 136 

The previous studies have decomposed the global Dole effect into an oceanic and 137 

terrestrial Dole effect (e.g. Bender et al., 1994; Hoffmann et al., 2004). These two 138 

contributions of the Dole effect can be decomposed as: 139 

 140 

𝐷𝐸𝑜𝑐𝑒𝑎𝑛𝑖𝑐_𝑜𝑟_𝑡𝑒𝑟𝑟𝑒𝑠𝑡𝑟𝑖𝑎𝑙 
 

 

 
= 𝛿18𝑂𝑤𝑎𝑡𝑒𝑟  𝑏𝑖𝑜𝑠𝑝ℎ𝑒𝑟𝑒 −  𝛿18𝑂𝑠𝑤 +   𝜀 

18
𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
  +   𝜀 

18
𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠
 (2) 141 

 142 

Where  𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
  represents the positive discrimination associated with the respiration 143 

of organisms which enriches the isotopic composition of oxygen in the O2 of respired air 144 

compared to O2 of atmospheric air and   𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠
  represents the discrimination 145 

associated with the photosynthesis of organisms which modifies the isotopic composition 146 

of oxygen in the O2 of atmospheric air with respect to the isotopic composition of oxygen 147 

in the substrate water. 𝛿18𝑂𝑤𝑎𝑡𝑒𝑟_𝑏𝑖𝑜𝑠𝑝ℎ𝑒𝑟𝑒  is the δ18O of the water consumed by the 148 

biosphere during photosynthesis and is expressed with respect to V-SMOW.  149 

In the ocean, the 𝛿18𝑂𝑤𝑎𝑡𝑒𝑟_𝑏𝑖𝑜𝑠𝑝ℎ𝑒𝑟𝑒 is equal to the δ18Osw and the oceanic Dole effect can 150 

directly be expressed as:   151 

 152 

𝐷𝐸𝑜𝑐𝑒𝑎𝑛 
 =  𝜀 

18
𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑜𝑐𝑒𝑎𝑛
 +   𝜀 

18
𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑜𝑐𝑒𝑎𝑛
 (3) 153 

 154 
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Where   𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑜𝑐𝑒𝑎𝑛
  represents the discrimination associated with the respiration of 155 

marine organisms and   𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑜𝑐𝑒𝑎𝑛
  the discrimination between δ18O of O2 156 

produced and δ18O of water consumed during  the photosynthesis of autotrophic marine 157 

organisms. 158 

 159 

On the terrestrial biosphere, the source of oxygen for plant photosynthesis is the leaf 160 

water. The δ18O of leaf water is related to the δ18O of soil water with additional 161 

fractionation due to evapotranspiration (Hoffmann et al., 2004; West et al., 2008). The 162 

terrestrial Dole effect can be decomposed as follows: 163 

 164 

𝐷𝐸𝑡𝑒𝑟𝑟 
 = 𝛿18𝑂𝑠𝑜𝑖𝑙_𝑤𝑎𝑡𝑒𝑟 −  𝛿18𝑂𝑠𝑤 +  𝜀 

18
𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖
 +  𝜀 

18
𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑡𝑒𝑟𝑟
  +   𝜀 

18
𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑡𝑒𝑟𝑟
 (4) 165 

 166 

where  𝜀 
18

𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖
  represents the discrimination during evapotranspiration, 167 

 𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑡𝑒𝑟𝑟
  represents the discrimination during the respiration of terrestrial 168 

organisms and   𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑡𝑒𝑟𝑟
  represents the discrimination between 18O of O2 169 

produced in the atmosphere and 18O of water consumed during the photosynthesis of 170 

autotrophic terrestrial organisms.  171 

From the definition of the oceanic and terrestrial Dole effects and making the steady state 172 

assumption, i.e. that the biological fluxes of dioxygen production (photosynthesis) and 173 

dioxygen consumption (mainly respiration) are equal, it is possible to express the global 174 

Dole effect as: 175 

 176 

 𝐷𝐸𝑔𝑙𝑜𝑏𝑎𝑙 
 

𝐺𝑃𝑃𝑜𝑐𝑒𝑎𝑛
  ×  𝐷𝐸𝑜𝑐𝑒𝑎𝑛 

 + 𝐺𝑃𝑃𝑡𝑒𝑟𝑟
  ×  𝐷𝐸𝑡𝑒𝑟𝑟 

 

𝐺𝑃𝑃𝑡𝑜𝑡𝑎𝑙
−  𝜀 

18
𝑠𝑡𝑟𝑎𝑡
 (5) 177 
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 178 

with 𝐺𝑃𝑃𝑜𝑐𝑒𝑎𝑛
  corresponding to the gross photosynthetic O2 production rate of the ocean, 179 

𝐺𝑃𝑃𝑡𝑒𝑟𝑟
  corresponding to the gross photosynthetic O2 production rate of the land, 180 

𝐺𝑃𝑃𝑡𝑜𝑡𝑎𝑙
  corresponding to the gross photosynthetic O2 production rate of the ocean and 181 

land (i.e. 𝐺𝑃𝑃𝑡𝑜𝑡𝑎𝑙
  = 𝐺𝑃𝑃𝑜𝑐𝑒𝑎𝑛

  + 𝐺𝑃𝑃𝑡𝑒𝑟𝑟
 ). 18strat is the discrimination of O2 due to 182 

photochemical reaction in the stratosphere (Bender et al., 1994) and equals 0.3 ‰. 183 

By simplifying the equation with the parameter 𝑟 =
𝐺𝑃𝑃𝑜𝑐𝑒𝑎𝑛

 

 𝐺𝑃𝑃𝑡𝑜𝑡𝑎𝑙
 , we can write the definition of 184 

 𝐷𝐸𝑔𝑙𝑜𝑏𝑎𝑙
  as follows: 185 

 186 

 𝐷𝐸𝑔𝑙𝑜𝑏𝑎𝑙 
 = 𝑟 ×  𝐷𝐸𝑜𝑐𝑒𝑎𝑛  

 + (1 − 𝑟) × 𝐷𝐸𝑡𝑒𝑟𝑟
 

  −   𝜀 
18

𝑠𝑡𝑟𝑎𝑡
 (6) 187 

2.1.2. The main drivers of Dole effect 188 

 189 

In order to identify the main drivers of the Dole effect, it is necessary to have estimates of 190 

the different terms in the equations 3, 4 and 5. The δ18Omw, which is the main factor 191 

controlling the δ18Osoil_water, varies temporally and spatially. The temporal variations are 192 

partly linked to changes in the δ18Osw, particularly during glacial–interglacial transitions: 193 

the buildup of continental ice during glacial period enriches the oceans in heavy isotopes 194 

by storing the lighter ones in ice sheets because of the low value of the 18O of snow in 195 

polar region. The low value of δ18O of snow in polar region originates from atmospheric 196 

processes modifying the isotopic composition of precipitation and leading to a 18O 197 

decrease toward the high latitudes. As water vapor is transported from the oceanic 198 

evaporation source to the precipitation site, successive condensation events cause 199 

isotopic fractionation with the heaviest isotopes preferentially found in the condensed 200 

phase. Consequently, as air masses move to higher latitudes or to higher elevations, 201 

precipitation becomes increasingly depleted in ¹⁸O. This mechanism explains why δ18Omw 202 
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values generally decrease with distance from the ocean and latitude relative to 203 

evaporation source regions (Aggarwal et al., 2010). 204 

At first approximation, the δ18Osoil_water can be approximated by the annual average of the 205 

δ18Omw (Anderson et al., 1998; Helliker and Richter 2008). Then, δ18O of leaf water is 206 

enriched with respect to δ18Osoil_water due to evapotranspiration, the main contribution 207 

being the evaporation of water from leaves. This enrichment shows large temporal and 208 

spatial variations due to the diversity of leaf types and anatomies as well as to fluctuations 209 

in temperature, humidity and surrounding water vapor δ18O (e.g. Flanagan et al., 1991; 210 

Cernuzak et al., 2016). Despite strong spatial variability, measurements of δ18O of CO2 led 211 

to an estimate of the global value of 7 ‰ for the difference between δ18Olw (lw = leaf 212 

water) and δ18Osw for present-day (Gillon and Yakir, 2001; West et al., 2008). 213 

 214 

The value for  𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
  should be calculated considering the different biological 215 

processes consuming O2. Bender et al. (1994) listed three main processes which should 216 

be considered both in the terrestrial and oceanic biosphere: dark respiration, Mehler 217 

reaction and photorespiration. For the first estimate of  𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑡𝑒𝑟𝑟
  (18.0 ‰), Bender 218 

et al. (1994) used the most recent values observed for dark respiration, Mehler reaction 219 

and photorespiration from biological experiments driven at the scale of the enzyme or 220 

the cell (Guy et al., 1992, 1993). For the first estimate of  𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑜𝑐𝑒𝑎𝑛
  (18.9 ‰), 221 

Bender et al. (1994) used concentrations and δ18O of dissolved O2 from sea water samples 222 

or from biological experiments performed on several marine organisms (e.g. bacteria, 223 

microalgae, copepods). Over the years, these estimates were refined using studies 224 

performed at the cellular scale (Helman et al., 2005) or at broader scale (Angert et al., 225 

2003; Hendricks et al., 2004; Levine et al., 2009; Luz and Barkan 2011; Wurgaft et al., 2022; 226 

Kim and Kang, 2024).  227 
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As for the  𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑜𝑐𝑒𝑎𝑛
 , the first studies detected no discrimination (Guy et al., 228 

1989, studies on cyanobacteria -Anacystis nidulans - and diatoms - Phaeodactylum 229 

tricornutum -; Vinogradov et al., 1959 studies on samples of aquatic populations in the 230 

Bay of Bengal; Helman et al., 2005 studies on cyanobacteria Synochocystis). However, more 231 

recently, Eisenstadt et al. (2010), studied a diversity of marine organisms (phytoplankton) 232 

and found a non-zero photosynthetic discrimination for eukaryotic algae: 4.5 ‰ for 233 

Phaeodactylum tricornutum diatoms, 3 ‰ for Nannocloropsis sp. diatoms, 5.5 ‰ for 234 

Coccolithophores Emiliania huxleyi and 7 ‰ for Chlamydomonas oreinhardtii. A non-zero 235 

value for the photosynthetic discrimination is difficult to explain either from the 236 

physiological point of view (Tcherkez and Farquhar, 2007) or by the diffusion during the 237 

production of O2 and then the diffusion in the free air (16O16O is diffusing more rapidly 238 

than 18O16O so that we should have measured an apparent negative discrimination during 239 

photosynthesis). Eisenstadt et al. (2010) ruled out the existence of large O2 consumption 240 

reaction fractionating O2 during their experiments because there was no O2 in their 241 

experimental environment. Paul et al. (2023) performed controlled experiments with 242 

fescue for the terrestrial photosynthesis and found a first value of 3.7 ‰ for 243 

 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑡𝑒𝑟𝑟
 . 244 

 245 

 246 

2.1.3. Different estimates of Dole effect 247 

 248 

In their first estimates of the terrestrial and oceanic Dole effects (Table 1), Bender et al. 249 

(1994) used the global estimates available at the time and found a significantly lower value 250 

for the oceanic Dole effect compared to the continental Dole effect (Fig. 2). Hoffmann et 251 

al. (2004) revisited this first calculation through a different integration of the isotopic 252 

effects: they used various models (an atmospheric general circulation model equipped 253 
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with water isotopes, a model of vegetation and an ocean model with a module for 254 

biological productivity) to calculate spatial variations of δ18Omw, 18Olw,  𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
  and 255 

biological fluxes before global integration. This model was then used and updated by 256 

Ciais et al. (2012) for an application comparing the last glacial maximum (LGM) and pre-257 

industrial (PI). They confirmed the results of Bender et al. (1994) that the oceanic Dole 258 

effect should be lower than the terrestrial one and even found a much larger difference 259 

between these two contributions (Table 1). If the terrestrial and oceanic Dole effects are 260 

significantly different (Fig. 2), it is then expected that the change in the relative proportion 261 

of the terrestrial and oceanic productivities is one of the main drivers of the variations of 262 

the global Dole effect as measured in climatic archives.  263 

 264 

 265 

Figure 2. Diagram of the main contributions to δ18Oatm. (1) Fractionation of water during evaporation and precipitation. 266 

(2) Fractionation of water during evapotranspiration. (3) Fractionation of atmospheric oxygen during terrestrial respiration 267 

(4) Fractionation of atmospheric oxygen during oceanic respiration. (5) Fractionation during oceanic photosynthesis. DET 268 

= terrestrial Dole effect and DEO = oceanic Dole effect (from Landais et al., 2007).  269 

 270 

Using latest estimates of  𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
  and  𝜀 

18
𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠
 , Luz and Barkan (2011) found 271 

a different result: DEterr and DEocean are equal to about 24 ‰ each (Fig. 3). The difference 272 

between this result and the previous results of Bender et al. (1994) and Hoffmann et al. 273 
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(2004) is due to their estimate of (1)  𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_ 𝑡𝑒𝑟𝑟
  being smaller than previous 274 

estimates because of the diffusion in the soil and (2)  𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑜𝑐𝑒𝑎𝑛
  estimated to 6 275 

‰ instead of 0 ‰ in the first calculations. In this case (Fig. 3), the relative proportion of 276 

terrestrial and oceanic productivities cannot explain the variations of the global Dole 277 

effect which are expected to be simply the result of variations in monsoon cycles leading 278 

to variations in the δ18Omw and δ18Olw (Luz and Barkan, 2011; Landais et al., 2010). 279 

 280 

Figure 3. Diagram of the main contributions to δ18Oatm. (1) Fractionation of water during evaporation and precipitation. 281 

(2) Fractionation of water during evapotranspiration. (3) Fractionation of atmospheric oxygen during terrestrial 282 

respiration. (4) Fractionation of atmospheric oxygen during oceanic respiration. (5) Fractionation during oceanic 283 

photosynthesis (δ 18Oop). DETerr = terrestrial Dole effect and DEOcean = oceanic Dole effect (modified from Landais et al., 284 

2007).  285 

 286 

The most recent estimate of a terrestrial photosynthetic discrimination is equal to 3.7 ‰ 287 

(Paul et al., 2023). It was validated by a second study with a multiplexed system (Paul et 288 

al., 2025). These results would again increase the terrestrial Dole effect making it larger 289 

than the oceanic one. 290 
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Table 1. (a) Parameters used to calculate oceanic, terrestrial and the current global Dole effects in literature. *reference 291 

given in the title of the column, 1Farquhar et al. (1980); 2Keeling and Shertz (1992); 3Kiddon et al. (1993); 4Farquhar et al. 292 

(1993); 5Guy et al. (1992), (1993); 6West et al. (2008) and Benson and Krause (1984); 7Landais et al. (2007). (b) Calculation 293 

of the Dole effects (oceanic, terrestrial and global). LGM = Last Glacial Maximum and PI = pre-industrial 294 

  Bender et al. (1994) Hoffmann et al. (2004) Luz and Barkan (2011) 

  Present 

GPP-O2 ocean (Pmol 

O2/yr) 

121 7.6*  

GPP-O2 land (Pmol 

O2/yr) 

20.42 16.79*  

𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑜𝑐𝑒𝑎𝑛(‰) 18.93 203 19.7* 

𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑜𝑐𝑒𝑎𝑛(‰) 05 05 45 

𝛿18𝑂𝑙𝑤(‰) 4.44 6* 5.76 

𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑡𝑒𝑟𝑟(‰) 185 203 17.77 

𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑡𝑒𝑟𝑟(‰) 05 05 05 

 295 

b) 296 

 Bender et al. 

(1994) 

Hoffmann et al. 

(2004) 

Luz and Barkan (2011) Ciais et al. (2012) 

 Present PI LGM 

𝐷𝐸𝑜𝑐𝑒𝑎𝑛(‰) 18.9 16.9 23.5 19.8 20 

𝐷𝐸𝑡𝑒𝑟𝑟(‰) 22.4 26.9 23.5 28.3 29.5 

𝐷𝐸𝑔𝑙𝑜𝑏𝑎𝑙_𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑(‰) 20.8 23.5 23.2 - - 

 297 

 298 

 299 

 300 
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2.2. The evolution of the Dole effect over the last deglaciation 301 

 302 

Figure 4 shows the evolution of the Dole effect calculated using different datasets and 303 

age models from the Last Glacial Maximum (LGM) (20 ka BP) to the Pre-Industrial period 304 

(PI). For the δ18Oatm we used the high resolution (100 years on average) record from the 305 

WAIS Divide ice core (Seltzer et al., 2017). For the oceanic δ18O, the three following series 306 

were used: (i) the benthic δ18O stack of Lisiecki and Raymo (2005) whose age model is 307 

tuned to the EPICA Dome C ice core timescales (Parrenin et al., 2007; Veres et al., 2013; 308 

Bouchet et al., 2023), (ii) the benthic δ18O volume-weighted stack of Lisiecki and Stern 309 

(2016) on its original radiocarbon age scale and (iii) the ice-sheet contribution of the 310 

oceanic δ18O modeled by Bintanja et al. (2005). These three curves are then scaled 311 

between a value of 18Osw of 0 ‰ at PI and of 1 ‰ at LGM (Duplessy et al., 2002; Schrag 312 

et al., 2002). We calculate the three resulting scenarios for the Dole effect fluctuations 313 

following this approach. Finally, we also present the alternative Dole effect (DE*) 314 

suggested by Huang et al. (2020) in Fig. 4 (pink line). Indeed, Huang et al. (2020) argued 315 

that it may be more appropriate to use a stack for sea surface term δ18Osurf rather than 316 

the mean oceanic water δ18O to calculate the Dole effect. We  317 

Although all DE estimates are approximately equal to zero at LGM and PI, they undergo 318 

significant fluctuations between -0.4‰ to +0.6 ‰ over the last deglaciation, from 20 to 319 

11 ka BP. The variations observed during this period are inconsistent and diverge from 320 

one estimate to another by up to 0.5 ‰. These differences can be attributed to differences 321 

in chronology or estimate of the 18Osw and we thus avoid interpreting the variation of 322 

the DE over this period. 323 

By contrast, all DE and DE* scenarios well agree over the last 10 ka BP time interval and 324 

indicate an excursion of 0.4 ‰ towards negative values at 6 ka BP. This deviation is driven 325 

by the ice core δ18Oatm signal while 18Osw stays stable over this period (panel c).  326 
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327 

Figure 4. Different Dole effect scenarios calculated using marine and ice core δ18O data between 22 and 0 ka BP. a) 328 

Uranium-Thorium-dated δ18Ocalcite from speleothems of Hulu and Sambao caves (Cheng et al., 2016). b) Sea level relative 329 

to PI (Bintanja et al., 2005). c) δ18O series: δ18Oatm from WAIS Divide ice core on WD2014 age model (black dotted line) 330 

(Seltzer et al., 2017; Sigl et al. 2016) and surface sea water δ18O global stack on its radiocarbon age model (purple line) 331 

(Huang et al., 2020). The five oceanic δ18O series: (i) the benthic δ18O from the LR04 global stack (Lisiecki and Raymo, 332 

2005) synchronized to the ice core age scale (blue line, Antarctic Ice Core Chronology 2023) (Parrenin et al., 2007; Bouchet 333 

et al., 2023), (ii) the benthic δ18O from the LS16 global stack on its radiocarbon age model (orange line) (Lisiecki and Stern, 334 

2016) and (iii) the modeled ice-sheet contribution to oceanic δ18O (green line) (Bintanja et al., 2005). The benthic δ18O 335 

data have been scaled between 0 (PI) and 1 ‰ (LGM) values (see text). d) The five scenarios of Dole effect calculated as 336 

per δ18Oatm - oceanic δ18O for the five oceanic δ18O series (same colors) and the DE* of Huang et al. (2020) (pink line). The 337 

crosses indicate the difference with respect to the PI period of the Dole effect at 6 ka and LGM as estimated by the different 338 

previous studies as summarized in Table 8. 339 

 340 

 341 

 342 

 343 

 344 
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3. Material and Methods 345 

 346 

3.1. Study of oxygen isotope fluxes in multiplexed closed chambers on a 347 

variety of C3 and C4 plants 348 

 349 

3.1.1. Plant species 350 

 351 

Different plant species were chosen for the determination of the oxygen fractionation 352 

coefficients associated with respiration and photosynthesis (Table 2): Musa acuminata, 353 

Nerium oleander, Cupressus sp., Festuca arundinacea, and Zea mays. The first selection 354 

criterion was to use model plants (fescue and maize) that were no taller than 50 cm to fit 355 

into the biological chamber with the soil. In addition, plants adapted to different climates 356 

(temperate and tropical) and plants with different anatomical characteristics were 357 

selected. A comparison between C3 and C4 plants was also considered. In C4 plants, 358 

photorespiration is strongly suppressed by a biochemical CO₂-concentrating mechanism 359 

that elevates CO₂ levels around Rubisco in the bundle sheath cells, thereby minimizing 360 

oxygenation reactions. In contrast, C3 plants lack this mechanism and are therefore more 361 

affected by photorespiratory losses. 362 

 363 

Table 2. Characteristics of the five plants studied in the biological experiments. 364 

Scientific name 

of the plant 

Common 

name of the 

plant 

Climate 

 

Characteristic Photosynthesis 

strategy 

Festuca 

arundinacea 

Fescue Temperate Herbaceous plant C3 

Nerium oleander Laurel Temperate - 

warm 

Broadleaved 

evergreen shrub 

C3 

Musa acuminata Banana tree Tropical Broadleaved 

evergreen 

herbaceous plant 

C3 
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Cupressus sp. Cypress Temperate-

cold 

Needleleaved 

evergreen tree 

C3 

Zea mays Maize Tropical Broadleaved 

summergreen 

herbaceous plant 

C4 

 365 

3.1.2. Set-up of the study of the oxygen isotope fluxes on terrestrial plants in closed chambers 366 

 367 

3.1.2.1. General strategy for experiments 368 

 369 

We present here the general strategy for experiments carried out on maize, fescue, laurel, 370 

banana tree, and cypress grown on a typical compost soil (Terreau universel, Botanic, 371 

France) whose composition consisted of black and blond peat, wood fiber, green compost 372 

and vermicompost, organic and organo-mineral fertilizers, and micronutrient fertilizers).  373 

These [soil + plant] experiments conducted in three parallel closed biological chambers 374 

(see description below) lasted between three and six days, alternating between dark and 375 

light periods (except for the cypress, which only had one dark period), as detailed in Table 376 

3. 377 

In addition to soil experiments, we chose to grow two plants in hydroponic conditions: 378 

maize and fescue (maize 2 and fescue 2 in Table 3). This approach allowed us to eliminate 379 

the soil fractionation factor in our calculations.  380 

During our experiment series, we also conducted an experiment using soil only. In Paul et 381 

al. (2023), the fractionations associated with respiration in the artificial soil used were 382 

shown to be similar to natural values reported by Angert et al. (2001), i.e., approximately 383 

12 ‰. Because this soil is a good analog for natural soil, we kept the same type of soil for 384 

the multiplexing experiments presented here.  385 

 386 
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Table 3. Experimental conditions for the five plants species studied: experiment references for fescue and maize (1 for 387 

experiment 1 with soil and 2 for experiment with hydroponic conditions) and laurel, banana tree, cypress with soil and soil 388 

only. * = the lack of data for fescue in hydroponic conditions is the result of a leakage problem encountered at the end of 389 

the experiment during the last day period. X = the lack of data for cypress in light periods is the result of a very small O2 390 

fluxes. 391 

Plant Duration 

of all 

experiment 

(day) 

Day 1 

duration 

(hour) 

Night 1 

duration 

(hour) 

Day 2 

duration 

(hour) 

Night 2 

duration 

(hour) 

Day 3 

duration 

(hour) 

Analysis strategy 

Fescue 1 + 

soil 

6 7 65 7 65 7 IRMS 

Laurel + 

soil 

4 7 19 11 21 11 IRMS 

Banana 

tree + soil 

6 7 66 7 65 8 IRMS 

Maize 1 + 

soil 

3 9 19 11 24 12 IRMS 

Cypress + 

soil 

5 X 98 X X X IRMS 

Soil 4  97    IRMS 

Fescue 2 + 

soil 

5 10 27 11 27 13 IRMS + OF-CEAS 

Fescue 3 

hydroponic 

4 23 31 24 22 * OF-CEAS 

Maize 2 

with soil 

6 5 38 6 57 10 IRMS + OF-CEAS 

Maize 2 

hydroponic 

5 10 54 9 57 7 IRMS + OF-CEAS 

 392 

 393 

 394 

 395 

 396 
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3.1.2.2. Set-up of the multiplexed chambers  397 

 398 

The general setup of the experiments was equivalent to that referred to in Paul et al. 399 

(2025) and as detailed below.For each plant study (fescue, laurel, banana, maize, cypress, 400 

and soil only), we used three biological chambers simultaneously. 401 

The set of three airtight, transparent, welded polycarbonate chambers (120 L volume) was 402 

adapted from the chamber described in Paul et al. (2023) and Milcu et al. (2013). The main 403 

controlled environmental parameters inside the closed chambers were temperature, light 404 

intensity, CO₂ concentration, relative humidity, and differential pressure. Each chamber 405 

was used as a closed gas exchange system and was placed in a separate controlled-406 

environment growth chamber in the Microcosms experimental platform of the 407 

Montpellier European Ecotron. A multiplexing system had been built to handle the three 408 

chambers in parallel (Paul et al., 2025). With this setup, we continuously measured the 409 

isotopic composition of O₂ using an online optical spectroscopy instrument based on 410 

Optical Feedback Cavity Enhanced Absorption Spectroscopy (OF-CEAS) (Piel et al., 2024). 411 

As in Paul et al. (2025), we also obtained IRMS measurements using a flanged air recovery 412 

system. In the studies of plants with soil, referred to as fescue 1, laurel, banana tree, maize 413 

1, and cypress in Table 3, we could not use the optical spectrometry analyzer system, as 414 

the instrument was under repair.  415 

In the different studies performed with the optical spectrometer, we did two-point 416 

calibrations using two reference gases once every day. Because the measured difference 417 

in isotopic and elemental composition between the two reference gases was very stable 418 

over days, we used only one reference gas calibration (dry atmospheric air) during the 419 

day. The measurement sequence was the following: 420 
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- 6 min of measurement of atmospheric air - 6 min of measurement of air in chamber 1. 421 

This sequence was then applied to each of the three chambers and a full sequence lasted 422 

36 min for the three chambers.  423 

Finally, the analysis of leaf water was performed following the procedure described by 424 

Paul et al. (2023). The leaves were collected at the end of each experiment, water extracted 425 

by cryogenic trapping under vaccum and extracted water transformed to O2 through a 426 

fluorination line (Barkan and Luz, 2005) and O2 analysed by IRMS. Each water sample was 427 

processed at least twice leading to an uncertainty of 0.1 ‰ on the 18O value.   428 

 429 

3.1.2.3. Hydroponic cultivation 430 

 431 

For maize, 15 seeds per Petri dish were placed on crushed clay beads (which had been 432 

previously washed with bleach to avoid contamination by bacteria, fungi, or algae). The 433 

Petri dishes were placed in the dark. After two days, the seeds had germinated, and their 434 

roots were sufficiently developed for hydroponic cultivation. The seeds were transplanted 435 

into Eppendorf tubes (1 cm in diameter) with the bottom cut off. The Eppendorf tubes 436 

were then inserted through a polystyrene plate (L × P × H = 340 × 240 × 7 mm) previously 437 

drilled with 12 holes divided into four rows of three holes along its length. This polystyrene 438 

plate rested on the surface of a 12 L plastic tray filled with 10 L of nutrient solution. The 439 

roots were in permanent contact with the nutrient solution, and the maize plants grew 440 

above the polystyrene support to reach a height of around 30 cm after a cultivation period 441 

of one month. Germination and growth times were similar to those for growing maize 442 

plants in soil. The nutrient solution was changed twice a week. 443 

For fescue, seeds were spread over the surface of plastic garden pots (L × D × H = 70 × 444 

70 × 80 mm). The pots were filled with sand previously rinsed with diluted bleach. The 445 

pots were grouped by 12 and placed in plastic basins (L × D × H = 290 × 440 × 70 mm) 446 
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containing nutrient solution. The pots were irrigated by capillary action through the sand, 447 

and the nutrient solution was renewed twice a week to prevent bacterial contamination 448 

and algae growth. The seeds germinated, and the fescue plants grew on the sand for 449 

about one month. Once the fescue plants were sufficiently robust (strands of around 10 450 

cm), the intertwined roots formed a clod of fescue that was easier to handle than a single 451 

strand. The clods were removed from their pots, and the roots were plunged into a tub of 452 

osmosis water before being rinsed to remove all the sand. The root balls were then 453 

transplanted into the hydroponics tank through a polystyrene plate (L × D × H = 360 × 454 

260 × 7 mm). This polystyrene plate, pierced with 12 square holes (15 × 15 mm), could 455 

accommodate 12 fescue clods. This plate rested on the surface of a 9 L plastic tray (W × 456 

D × H = 400 × 300 × 100 mm) containing nutrient solution. The nutrient solution was 457 

changed twice a week, and the growing time in the nutrient solution (roots in contact with 458 

it) lasted about two weeks to one month. 459 

As the plants grew in the nutrient solution, an aquarium pump (Brand: Nicrew/model 460 

YDQB4105) was connected to a bubbler, which was placed in the solution to oxygenate 461 

the aqueous medium. 462 

The nutrient solution was produced using 11 powders (Sigma/Aldrich) and osmosed 463 

water. A first one-liter stock solution was produced by mixing powders 2 to 11 (Table 4) 464 

in 1 L of aqueous solution (osmosis water) in a volumetric flask. The concentrations of 465 

each chemical element were given in Table 4 for this first solution produced. The maize 466 

stock solution was four times more concentrated for all elements. Next, a dilution was 467 

made: 12.5 mL of fescue stock solution was mixed in a 5 L Erlenmeyer flask filled with 468 

osmosis water, and 5 mL of maize stock solution in a 5 L Erlenmeyer flask. Concentration 469 

stock solution values were given in Table 4. Calcium nitrate powder no.1 (7.08 g for the 470 

maize stock solution and 1.77 g for the fescue stock solution) was mixed into the solution 471 

at this point, as otherwise this powder would not have dissolved in the first stock solution. 472 
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These working solutions were then placed in the trays where the plants were deposited. 473 

For fescue, 7.5 L of daughter solution in the 9 L tub, and for maize, 10 L of daughter 474 

solution in the 12 L tub. Hydroponics experiments lasted between four and six days (Table 475 

3). 476 

Table 4. Composition of the 11 powders and concentrations stock solution for fescue and maize 477 

No. Powder 
Chemical 

formula 
Name 

Concentration 

stock solution 

fescue (mM) 

Concentration 

stock solution 

maize (mM) 

1 

Ca(NO3)2, 4 

H2O 

Calcium nitrate 

tetrahydrate 1.5 6 

2 KNO3 Potassium nitrate 1.25 5 

3 KH2PO4 

Potassium phosphate 

monobasic 0.5 2 

4 MgSO4, 7 H2O 

Magnesium sulfate 

heptahydrate 0.75 3 

5 Na2SIO3, 5 H2O 

Sodium metasilicate 

pentahydrate 0.1 0.4 

6 Na-Fe-EDTA C10H12N2NaFeO8 0.05 0.2 

7 H3BO3 Boric acid 0.05 0.2 

8 MnSO4, H2O 

Manganese sulfate 

monohydrate 0.012 0.048 

9 ZnSO4, 7 H2O Zinc sulfate heptahydrate 0.001 0.004 

10 CuSO4, 5H2O 

Copper sulfate 

pentahydrate 0.0007 0.0028 

11 

Na2MoO4, 2 

H2O 

Sodium molybdate 

dihydrate 0.00024 0.00096 

 478 

3.2. Quantification of fractionation factors associated with respiration and 479 

photosynthesis processes 480 

 481 

In order to calculate the fractionation factors associated with dark respiration and 482 

photosynthesis of soil and plants, we use the following equations 6 and 8 (for details, refer 483 

to Paul et al., 2023). 484 
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 485 

The isotopic discrimination for dark respiration, 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 corresponding to the 486 

depletion of the O2 consumed by the plant with respect to the O2 in the atmosphere is 487 

given by:  488 

 489 

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

) 

(6)     490 

   491 

where 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 is the dark respiration fractionation factor, t0 is the starting time of 492 

each dark period and t is the time at the given moment. 𝑛 is the number of moles of O2 493 

containing 18O or 16O.  494 

𝑛(𝑂2)𝑡

𝑛(𝑂2)𝑡0
  is linked to 𝛿 (

𝑂2

𝑁2 
) as: 495 

 496 

 497 

𝑛(𝑂2)𝑡

𝑛(𝑂2)𝑡0
=

𝛿(
𝑂2
𝑁2 

)
𝑡

1000
+1

𝛿(
𝑂2
𝑁2 

)
𝑡0

1000
+1

(7) 498 

   499 

 500 

Photosynthesis isotopic discrimination, 𝜀 
18

photosynthesis, is calculated as:  501 

 502 

𝛼 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠=
𝑛(𝑂2)𝑡 / 𝑛(𝑂2)𝑡0 × 𝑎 𝑅 

18  + 𝑅𝑡 
18  × ( 𝐹𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 𝐹𝑡𝑜𝑡𝑎𝑙_𝑟𝑒𝑠𝑝𝑖

+ 𝛼 
18

𝑡𝑜𝑡𝑎𝑙_𝑟𝑒𝑠𝑝𝑖
 × 𝐹𝑡𝑜𝑡𝑎𝑙_𝑟𝑒𝑠𝑝𝑖

) 

 𝑅𝑙𝑤 
18  × 𝐹𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠

(8)      503 

 504 

 505 
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where, 𝑅 
18  is the ratio of the concentration 𝑅 

18 =  
𝑛( 𝑂 

18 )

𝑛( 𝑂 16 )
, 𝑎 𝑅 

18 =
 𝑑 𝑅 

18

𝑑𝑡 
 , during the light 506 

period, 𝐹𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  and 𝐹𝑡𝑜𝑡𝑎𝑙_𝑟𝑒𝑠𝑝𝑖
 are, respectively, photosynthesis and consumption 507 

fluxes of oxygen. lw stands for leaf water. 508 

𝛼 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  depends on the values of 𝛼 
18

𝑡𝑜𝑡𝑎𝑙_𝑟𝑒𝑠𝑝𝑖  and of 𝐹𝑡𝑜𝑡𝑎𝑙_𝑟𝑒𝑠𝑝𝑖 , themselves 509 

depending on the values of 𝛼 
18

𝑀𝑒ℎ𝑙𝑒𝑟  (fractionation factor associated with Mehler 510 

reaction),  𝐹𝑀𝑒ℎ𝑙𝑒𝑟  (flux of oxygen related to Mehler reaction), 𝛼 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 , 𝐹𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 , 511 

𝛼 
18

𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑠𝑝𝑖  (fractionation factor associated with photorespiration) and 𝐹𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑠𝑝𝑖 512 

(photorespiration flux of oxygen) as:  513 

 514 

𝛼 
18

𝑡𝑜𝑡𝑎𝑙𝑟𝑒𝑠𝑝𝑖
 = 𝛼 

18
𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑠𝑝𝑖  × 𝑓𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑠𝑝𝑖  + 𝛼 

18
𝑀𝑒ℎ𝑙𝑒𝑟 × 𝑓𝑀𝑒ℎ𝑙𝑒𝑟  + 𝛼 

18
𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖

 × 𝑓𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖
(9) 515 

    516 

 517 

with, 518 

 519 

𝑓𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖
+ 𝑓𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑠𝑝𝑖 + 𝑓𝑀𝑒ℎ𝑙𝑒𝑟 =  1 (10) 520 

 521 

and, 522 

 523 

𝐹𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖

𝐹𝑡𝑜𝑡𝑎𝑙_𝑟𝑒𝑠𝑝𝑖

 =  𝑓𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖
(11) 524 

 525 

𝑓 indicates the fraction of the total oxygen uptake flux corresponding to each process 526 

(dark respiration, photorespiration and Mehler reaction). 527 
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Because maize is a C4 plant, we consider that photorespiration and Mehler reaction were 528 

not involved in the O2 consumption by the plant (Laisk and Edwards, 1997) which makes 529 

calculations of 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 easier (fMehler and fphotorespi are equal to 0). 530 

For C3 plants, we need to consider photorespiration and Mehler reactions. In the absence 531 

of further constraints, we used here, as first approximation and as in Paul et al. (2023), the 532 

global values from Landais et al. (2007) for 𝑓𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖  (0.6), 𝑓𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑠𝑝𝑖  (0.3) and 𝑓𝑀𝑒ℎ𝑙𝑒𝑟 533 

(0.1). Values for 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 and 𝜀 
18

𝑀𝑒ℎ𝑙𝑒𝑟 were based on the most recent estimates of 534 

Helman et al. (2005). The initial value for photorespiration isotopic discrimination is - 21.3 535 

‰ for 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑠𝑝𝑖 as given by Helman et al. (2005). For the Mehler reaction we also chose 536 

the value proposed by Helman et al. (2005): 𝜀 
18

𝑀𝑒ℎ𝑙𝑒𝑟 = - 10.8 ‰.  537 

 538 

 539 

3.3. Global GPP-O2 calculations using model outputs 540 

 541 

To estimate the Dole effect variations with time, we calculate the global GPP-O2 in 542 

terrestrial and oceanic biospheres using the outputs of Paleoclimate Modelling 543 

Intercomparison Project (PMIP) simulations. We use the IPSL-CM5A (PMIP3), MIROC-ESM 544 

(PMIP3), and MIROC-ES2L (PMIP4) models since these provide both land and ocean 545 

biogeochemistry results for PI, mid-Holocene (MH) 6 ka BP, and LGM experiments. These 546 

results are available for download on the Earth System Grid Federation (ESGF) database 547 

(https://aims2.llnl.gov/search).  548 

 549 

The global mean GPP-O2 is calculated from PMIP outputs following the methodologies 550 

described by Blunier et al. (2002) with some modification. For the terrestrial biosphere, 551 

the models calculate the gross carbon productivity (GPP-C) of each plant functional type 552 

https://aims2.llnl.gov/search
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(PFT). The modelled global GPP-C is partitioned between GPP-C by C3 plants and GPP-C 553 

by C4 plants. The Earth System Models usually have one or two PFT of C4 grass. We 554 

therefore partition GPP-C by C3 and GPP-C by C4 plants by assuming that all PFTs other 555 

than C4 grass are C3 plants. A portion of photosynthetic production of O2 in the C3 plants 556 

is consumed via photorespiration. Here we assume no photorespiration in C4 plants. To 557 

estimate the GPP-C of C3 plants without consumption by photorespiration, the ratio of 558 

total (i.e., dark respiration and photorespiration) to dark respiration is multiplied by the 559 

GPP-C of C3 plants. Following von Caemmerer and Farquhar (1981), this ratio is calculated 560 

as following: 561 

 562 

𝐷𝑎𝑟𝑘 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑃ℎ𝑜𝑡𝑜𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛

𝐷𝑎𝑟𝑘 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
=

4.5

4
×

𝐶𝑖 + (7 3⁄ ) × Γ∗

𝐶𝑖 − Γ∗

(16) 563 

where Ci is the partial pressure of CO2 inside the leaf and Γ* is the CO2 compensation 564 

point. To calculate Ci, we assume a constant ratio (0.65) of Ci following Blunier et al. (2002). 565 

The CO2 compensation point is calculated according to the following equation by Prentice 566 

et al. (2017) to account for temperature changes: 567 

 568 

Γ∗ = 42.75 × 𝑒𝑥𝑝 [
37830

8.314 
× (

1

298
−

1

𝑇𝐾
)] (17) 569 

 570 

here 𝑇𝐾 is temperature in Kelvin, and is taken from the simulated 2-meter air temperature 571 

by the models, 8.314 is the universal gas constant (R in J mol-1 K-1) and 37,830 is the 572 

activation energy (in J mol-1). The resulting ratio of dark respiration and photorespiration 573 

to dark respiration is ranging between 1.9 and 2.4 depending on the model used and the 574 

boundary conditions. The GPP-C is converted to GPP-O2 by multiplying the 575 



27 
 

photosynthetic quotient of 1.07 (Keeling, 1988). To consider the Mehler reaction, the GPP-576 

O2 is then divided by 0.9 assuming a constant fraction (10 %) of Mehler reaction in the 577 

consumption of O2. 578 

 579 

The marine biogeochemistry components of the PMIP models do not calculate marine 580 

GPP-O2. Instead, we calculate the marine GPP-O2 from the simulated net primary 581 

productivity in terms of carbon (NPP-C) by multiplying by 2.7, the ratio of 18O-based GPP-582 

O2 (measured by incubation with 18O-labelled water) to 14C-based primary production 583 

rate (measured by incubation with 14C-labelled bicarbonate) found in the compilation of 584 

the JGOFS (Joint Global Ocean Flux Study) measurements (Marra, 2002).  585 

 586 

4. Results  587 

 588 

4.1. Study of oxygen isotopes fractionation factors in multiplexed closed 589 

chambers on a variety of C3 and C4 plants  590 

 591 

We present here the discrimination associated with dark respiration and photosynthesis 592 

of experiments carried out on fescue, banana tree, laurel and cypress with soil and maize 593 

and fescue in hydroponic conditions (Table 5).  594 

Table 5. Average and standard deviation of the isotopic discriminations for different biological processes for 5 different 595 

plant species with soil (Fescue, Banana tree, Laurel, Cypress and Maize) and 2 different plant species under hydroponic 596 

conditions (Maize and Fescue). Isotopic compositions were analyzed by IRMS. X = no light period, thus no 18εphotosynthesis 597 

value for cypress experiment (see explanation on Table 3). X* = the lack of data for fescue in hydroponics is the result of a 598 

leakage problem (at the level of the sampling of the flask system) encountered at the end of the experiment for the last 599 

day period. The standard deviation is given by the set of discriminations calculated for each chamber in parallel and for 600 

each type of plant. 601 
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Plants 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 (‰) 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 (‰) 

 
IRMS OF-CEAS IRMS OF-CEAS 

Fescue + soil -16.9 ± 2.6  5.0 ± 2.4   

Banana tree + 
soil 

-19.2 ± 2.2  10.4 ± 3.6   

Laurel + soil -21.4 ± 5.8  13.3 ± 3.3   

Cypress + soil -17.6 ± 0.6  X   

Maize + soil -17.8 ± 0.9 -15.9 ± 1.4 3.2 ± 2.6 6.2 ± 3.3 

 

Maize 

hydroponic 

-16.7 ± 1.5 -18.9 ± 4.7 7.7 ± 3.3 6.1 ± 3.8 

 

Fescue 2 + soil -18.9 ± 0.6 -19.0 ± 1.9 4.3 ± 1.2 4.7 ± 2.8 

 

Fescue 3 

hydroponic 

X* -22.1 ± 7.4 X* 8.4 ± 3.1 

 

Soil only -15.4 ± 1.1 -17.8 ± 0.8   

 602 

 603 

The overall 18εdark_respi values (Table 5) range from around - 16 to - 21 ‰ for [plant + soil] 604 

experiment. For hydroponic experiments the isotopic discriminations of respiration are in 605 

general higher than when plants are grown on soil. There is no significant difference on 606 

respiration discrimination between C3 and C4 plants (fescue and maize). For each plant, a 607 

positive discrimination exists for photosynthesis, which is between 3 and 10 ‰ with an 608 

extreme value at 13 ‰ which is not very reliable since it was determined in conditions of 609 

very small O2 fluxes (see Fig.A1). It should also be noted that measurement uncertainty is 610 

higher when measurements have been made using the OF-CEAS technique rather than 611 
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the IRMS, but this does not prevent us from being able to interpret the data (Table 5). All 612 

the data from these experiments are presented in the supplement (Fig.A1 and A2). 613 

 614 

4.2. GPP-O2 quantification from model outputs 615 

 616 

To infer past changes in the ratio of terrestrial to oceanic productivity, we give here the 617 

GPP-O2 of ocean and land calculated by three models used for PMIP exercises: MIROC-618 

ES2L, IPSL-CM5A-LR and MIROC-ESM for the pre-industrial period (PI), 6 ka BP period 619 

and LGM period (Table 6).  620 

 621 

 Model Domain PI GPP-O2 

(Pmol O2/yr) 

MH (6 ka 

BP) GPP-O2 

(Pmol O2/yr) 

LGM GPP-O2 

(Pmol O2/yr) 

PMIP4-

CMIP6 

MIROC-ES2L Ocean 0.67 0.67 0.68 

Land 2.42 2.31 1.66 

PMIP3-

CMIP5 

IPSL-CM5A-

LR 

Ocean 0.79 0.81 0.70 

Land 2.68 2.70 1.36 

MIROC-ESM Ocean 0.66 0.69 0.66 

Land 3.30 3.50 2.35 

Table 6. Output results from the MIROC-ES2L, IPSL-CM5A-LR and MIROC-ESM terrestrial and oceanic GPP-O2 (Pmol O2/yr) 622 

models during the pre-industrial period (PI), during the mid-Holocene (MH, 6 ka BP) and during the LGM (last glacial 623 

maximum). 624 

 625 

We can see for all model outputs that the terrestrial GPP-O2 is always at least three times 626 

greater than the oceanic GPP-O2 for each time period. We also note that oceanic GPP-O2 627 

does not vary much over time. However, terrestrial GPP-O2 is twice as high at pre-628 
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industrial period and 6 ka BP than at LGM (2.4 and 1.7 Pmol O2/yr respectively for MIROC-629 

ES2L model). 630 

 631 

5. Discussion 632 

 633 

5.1. Interpretation of the respiratory and photosynthesis discriminations 634 

observed on the diversity of plants and experiments 635 

 636 

5.1.1. Comparison between different types of plants 637 

 638 

Although there are differences in values between terrestrial photosynthetic fractionations, 639 

all plants studied here show terrestrial photosynthetic discrimination as in Paul et al. 640 

(2023). This is opposite to the classical use of a 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 of 0 ‰ for terrestrial plants 641 

(Guy et al., 1993; Helman et al., 2005). 642 

For all species grown on soil (fescue, banana tree, laurel, maize and cypress) the 643 

respiratory discriminations agree with results from the literature: - 17 ‰ in Paul et al. 644 

(2023) for fescue grown on soil and - 17 to - 19 ‰ in Guy et al. (1993) on a diversity of 645 

terrestrial plants. C3 and C4 plants cannot be distinguished in terms of respiratory 646 

discrimination. 647 

Finally, the terrestrial respiratory discriminations for banana tree and laurel show the 648 

largest values. One hypothesis is that these organisms have thicker leaf tissue 649 

(sclerenchyma), in which diffusion is stronger, thus increasing the discrimination value. 650 

Particular attention should be paid to the fact that the uncertainty of these measurements 651 

is quite high. 652 

 653 
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5.1.2. Comparison between plants/soil and hydroponics experiments 654 

 655 

Hydroponics experiments allows study of the plant respiration without influence of the 656 

soil respiration. We observe that respiratory isotopic fractionation is greater in 657 

experiments with plants alone than those including soil respiration. We can conclude from 658 

this observation that plant dark respiration fractionates more than soil respiration. This 659 

result is supported by our determination of 𝜀 
18

𝑠𝑜𝑖𝑙_𝑟𝑒𝑠𝑝𝑖 which is less negative (- 15.4 ‰) 660 

than the 𝜀 
18

𝑝𝑙𝑎𝑛𝑡_𝑟𝑒𝑠𝑝𝑖 values (between - 16 ‰ and - 19 ‰). Our results agree with previous 661 

studies which found relatively small discrimination values for soil respiration because of 662 

diffusion (Angert et al., 2001)  663 

 664 

5.2. The existence of the terrestrial photosynthesis fractionation 665 

 666 

When we calculated the value for ε18
photosynthesis  in Table 5, we found a positive 667 

discrimination value for each species studied. The calculation of 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 depends 668 

on the flux of dioxygen uptake, the value for ε18
respiration during the day and the value for 669 

18Olw. We thus evaluate how uncertainties on these determinations affect our results. We 670 

first calculate a net photosynthetic discrimination making the extreme hypothesis that no 671 

dioxygen uptake occurs in parallel to the photosynthesis. With this extreme assumption, 672 

we obtain discrimination values which are at best 1 ‰ lower than the values shown in 673 

Table 5. An error in the estimate of the O2 consumption flux during the day can hence not 674 

explain the positive value for 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠. A second source of uncertainty is the value 675 

of the discrimination associated with oxygen uptake. For example, for the fescue 676 

experiment, with a fairly low 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 value, a discrimination for terrestrial 677 

respiration of at least - 40 ‰ should be imposed so that the calculated 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 is 678 

equal to zero (Table A1). This value is unrealistic with respect to the values for 679 
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ε18
respirationdetermined in the previous section or in any previous studies. The last source 680 

of uncertainty is the determination of the δ¹⁸Olw. With a δ¹⁸Olw value larger than the one 681 

measured here, we would have determined a lower 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠. Our determination of 682 

δ¹⁸Olw is, however, likely already overestimated. Indeed, δ¹⁸Olw was measured only at the 683 

end of the experiment, while we observed that δ¹⁸Olw tends to increase progressively 684 

during the course of the experiment, by up to 2 ‰ (Paul et al., 2023). This means that the 685 

δ¹⁸Olw value we used in the calculation is potentially higher than the average value actually 686 

experienced by the plants during photosynthesis. If δ¹⁸Olw is already overestimated, 687 

further increasing it from 5 ‰ to 9 ‰ to force 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 to zero would be 688 

inconsistent with the experimental evidence. Therefore, the discrepancy cannot be 689 

explained by uncertainty on the δ¹⁸Olw determination, which supports the conclusion that 690 

𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 remains positive under these biological chamber conditions (Table A2). 691 

 692 
 693 

We thus conclude that in biological chambers experiments, which is the closest analog 694 

for real conditions in this type of experiment, ε18
photosynthesis is positive. This observation 695 

still remains difficult to explain. 696 

Water oxidation in photosystem II is not expected to introduce any isotopic discrimination 697 

(Tcherkez and Farquhar, 2007). Involving preferential diffusion of the light isotopologues 698 

in the stomates (either preferential diffusion of H2
16O vs H2

18O in the leaf water before 699 

photosynthesis or preferential diffusion of 16O16O vs 16O18O of produced O2 after 700 

photosynthesis) would also go into the wrong direction. These diffusion effects would 701 

indeed lead to a lower difference between δ18Olw and δ18O of O2 in the atmosphere of the 702 

biological chamber than the true difference and hence better lead to an underestimated 703 

value of our calculated 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠. The last possible hypothesis would be that an 704 

additional oxygen consuming process occurs during photosynthesis (Eisenstadt et al., 705 

2010). This process should be associated with a strong negative discrimination to 706 
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compensate for the calculated  𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠. Summarizing, we cannot yet explain why 707 

𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 is associated with a positive isotopic discrimination. However, coherent 708 

observations for several biological chambers experiments and several plants suggest that 709 

this discrimination is true and should be considered when calculating a global budget for 710 

the Dole effect.   711 

 712 

5.3. Implications of these fractionation factors for interpreting the global 713 

Dole effect  714 

 715 

We use here the latest estimates of the different fractionation factors and global estimates 716 

of terrestrial and oceanic productivities during the last deglaciation to reevaluate the main 717 

drivers of the Dole effect. In particular, we aim at quantifying the role of the ratio of 718 

terrestrial to oceanic productivity as the main drivers of the Dole effect variations in the 719 

past.  720 

 721 

 722 

Figure 5. Diagram of the main contributions to δ18Oatm. (1) Fractionation of water associated with evaporation and 723 

precipitation. (2) Fractionation of water associated with evapotranspiration. (3) Fractionation of atmospheric oxygen during 724 
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terrestrial respiration. (4) Fractionation of atmospheric oxygen during oceanic respiration. (5) Fractionation associated with 725 

oceanic photosynthesis. (6) Fractionation during terrestrial photosynthesis. DETerr = terrestrial Dole effect and DEOceanic = 726 

oceanic Dole effect (modified from Landais et al., 2007). 727 

 728 

For an updated calculation of the Dole effect, we rely as much as possible on the latest 729 

available estimates for isotopic discriminations during biological processes. Our study is 730 

focused on the terrestrial plants so that we only modified the terrestrial Dole effect 731 

compared to previous studies. We use a 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 value of 3.7 ‰ as given by Paul 732 

et al. (2023). This is significantly larger than the 0 ‰ value usually considered but still at 733 

the lowest end of the estimates found in the present study. As a sensitivity test, we also 734 

present in the Table A3 an estimate performed with the most extreme (and irrealistic) 735 

value 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  = 13.3‰. For 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 , we use a global value of 17 ‰ in 736 

agreement with Paul et al. (2023) and the present study, which is slightly lower than the 737 

latest estimate of 17.7 ‰ given by Luz and Barkan (2011). Sensitivity tests were also 738 

performed in Table A3 with 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 ranging from 16 to 21 ‰ as found in the different 739 

biological experiments above. With these new estimates, we calculate a terrestrial effect 740 

of 26.5 ‰ (24.7 to 32.9 ‰ when adding the large uncertainties on 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 and  741 

𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖), a value which is larger than the previous determination (23.5 ‰) from Luz 742 

and Barkan (2011). The main difference between the two estimates is mostly due to our 743 

positive value for 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠. We kept the latest value for oceanic Dole effect (23.5 744 

‰) as given by Luz and Barkan (2011). Our new Dole effect estimate is presented in Table 745 

7 to be compared to the previous estimates displayed in Table 1.  746 

Table 7. Parameters used to calculate oceanic, terrestrial and the current and LGM global Dole effects in our study. * stands 747 

for parameters determined in our study; 1West et al. (2008) and Benson and Krause (1984); 2Landais et al. (2007); 3Luz and 748 

Barkan (2011).  749 



35 
 

 PI LGM 

𝛿18𝑂𝑙𝑤 5.71 6.71 

𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛_𝑡𝑒𝑟𝑟 17* 16.9,2 

𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠_𝑡𝑒𝑟𝑟 3.7* 3.7* 

𝐷𝐸𝑜𝑐𝑒𝑎𝑛 23.53 23.53 

𝐷𝐸𝑡𝑒𝑟𝑟 26.4 26.3 

 750 

To address the change of the Dole effect over the last deglaciation, we estimate Dole 751 

effect for the last glacial maximum. In line with previous studies, we assume that the 752 

isotopic discrimination for the different biological processes does not vary with time. 753 

However, because of the global change in 18Osw and changes in the atmospheric 754 

hydrological cycle, δ18Olw varies during this period. This is also the case for 𝜀 
18

𝑠𝑜𝑖𝑙_𝑟𝑒𝑠𝑝𝑖 755 

because of the latitudinal changes of the repartition of vegetation and for the ratio 756 

between C3 and C4 plants because of CO2 concentration change in the atmosphere. The 757 

change in the proportion of C3 and C4 plants affects the value for global 𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 due 758 

to its influence on the proportion of photorespiration in the global O2 uptake (Landais et 759 

al., 2007).  760 

First, δ18Olw has been calculated to be higher during the LGM by 1 ‰ compared to the 761 

pre-industrial period (Landais et al., 2007; Ciais et al., 2012). The change in 𝜀 
18

𝑠𝑜𝑖𝑙_𝑟𝑒𝑠𝑝𝑖 was 762 

calculated by Landais et al. (2007); it is 0.5 ‰ stronger during the LGM than today, 763 

resulting in a variation of less than 0.3 ‰ for the global 𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 when considering 764 

the fraction of soil respiration on the total respiration. Finally, the change in the proportion 765 

GPP-O2 associated with C3 and C4 plants is calculated from the outputs of the models 766 
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presented in Section 3.3 and by applying the calculation described above for O2 767 

consumption via photorespiration by C3 plants. It results in a variation of about 0.1 ‰ on  768 

the global 𝜀 
18

𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 . The global δ18Osw value is higher by 1 ‰ during the LGM 769 

compared to the recent period which cancels the 1 ‰ increase in global δ18Olw during 770 

LGM when calculating the terrestrial Dole effect. We thus estimate that the terrestrial DE 771 

is lower by 0.1 ‰ during the LGM compared to today. We take the same value for the 772 

oceanic Dole effect at LGM than at present.   773 

 774 

 775 

 776 

 777 

 778 

Table 8. Global Dole effects based on GPP-O2 variations of three model outputs (MIROC-ES2L, IPSL-CM5A-LR and MIROC-779 

ESM) using our estimates of the terrestrial and oceanic Dole effect for different periods (pre-industrial period (PI), mid-780 

holocene (MH, 6 ka BP) and LGM). For the 6 ka BP, we assumed that the terrestrial and oceanic Dole effects are the same 781 

as for the PI, only the GPP-O2 are different.  782 

In order to calculate the global Dole effect from the estimates of the terrestrial and 783 

oceanic contributions displayed in Table 8, we use the GPP-O2 determination performed 784 

with PMIP model outputs presented in section 4.2. Because we have 3 different models, 785 

we end up with 3 different estimates of the global Dole effect for each period.  786 

Our determinations for the pre-industrial Dole effect are higher (average value of 25.5 ‰, 787 

Table 8; sensitivity tests lead to variations between 24.7 and 32.9‰, Table A3) than the 788 

measured values (24 ‰) by 1.5 ‰. We also find that the difference between the Dole 789 

effect at LGM and at PI (e.g. with the IPSL-CM5A-LR model) is 0.4 ‰. This difference 790 

cannot be reconciled with the data showing a difference of 0 ± 0.1 ‰ (Fig. 4). Such data-791 

 PI MH (6 ka BP) LGM 

IPSL-CM5A-LR 25.5 25.5 25.1 

MIROC-ES2L 25.5 25.5 25.2 

MIROC-ESM 25.7 25.7 25.4 
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model mismatch can be due to a change in the fractionation factors for respiration and 792 

photosynthesis between the LGM and today hence motivating the studies of the effects 793 

of the climatic conditions on the fractionation factors. 794 

We also did an attempt to calculate the 6 ka Dole effect with our updated estimate of 795 

terrestrial Dole effect. If we keep the same values for terrestrial and oceanic Dole effect 796 

than at PI, we do not calculate any change in the global Dole effect (DEPI − DE6ka = 0 ‰ 797 

for all studies with all models, Table 8) while there is a significative change of - 0.4 ‰ in 798 

the measured Dole effect (Fig. 4). To reproduce the - 0.4 ‰ variation in the global Dole 799 

effect at 6 ka in our study, the value of oceanic GPP-O2 would have to double compared 800 

with what is given by the various models presented and field observations. We can 801 

therefore conclude that it is impossible to explain the change in the Dole effect at 6 ka by 802 

a change in the ratio of terrestrial vs oceanic gross primary productivity (Eq. 6). This argues 803 

that the oceanic or terrestrial Dole effects vary with time and that the DE variations 804 

observed in ice cores (Fig. 4) cannot be explained only by fluctuations in the relative 805 

proportions of oceanic and terrestrial gross primary productivity as suggested by Bender 806 

et al. (1994) and by Ciais et al. (2012). This finding confirms previous studies (Landais et 807 

al., 2007; Luz and Barkan, 2011; Severinghaus et al., 2009; Seltzer et al., 2017; Huang et al., 808 

2020) suggesting that variations in the Dole effect are influenced by low latitude changes 809 

in atmospheric hydrological cycle leading to changes in δ18O of the meteoric water 810 

transmitted to δ18O of soil water, to δ18Olw and to δ18Oatm through photosynthesis. In 811 

addition, Severinghaus et al. (2009) proposed that changes in tropical soil respiration, 812 

associated with weaker isotopic fractionation, could also have played a key role in driving 813 

the observed Dole effect variations. Together, these processes would well explain the 6ka 814 

minimum in DE which is also captured in the δ18Ocalcite of low latitude speleothem, also 815 

sensitive to variations in the δ18O of meteoric water (Hu et al., 2019).  816 

 817 
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6. Conclusion 818 

 819 

Using closed chamber experiments as an analogue of the terrestrial biosphere, we have 820 

confirmed a previous study that there is a positive 18O discrimination (between 3 and 8 821 

‰) during photosynthesis for all plants studied. The values found for the 18O 822 

discrimination during respiration of different plants (- 16 to - 21‰) agree with the 823 

previous published studies. Using these new values as well as outputs from PMIP models 824 

for the GPP-O2, the global Dole effect has been reevaluated. An average value of 25.5‰ 825 

is found for the present-day which is significantly too high compared to the estimate of 826 

24 ‰ hence questioning the applicability of the fractionation coefficients found for some 827 

species to a global calculation. Moreover, when we look at the change of the calculated 828 

Dole effect between the LGM and the PI, we do find some significant change which is not 829 

in agreement with the data. This suggest that fractionation factors for the biological 830 

processes vary with time, probably because of a change in the climatic conditions, a 831 

hypothesis already proposed by Stolper et al. (2018). 832 

In this study, we made several hypotheses which should be explored in the future. First, 833 

we assumed, as in previous studies, that the fractionations associated with biological 834 

processes do not vary with time nor with climatic conditions Second, in our study, we did 835 

not reevaluate with a similar approach the oceanic biological fractionations. In the future, 836 

it is thus important to reevaluate the terrestrial and oceanic fractionation factors for a 837 

variety of species in different environmental and climatic conditions using a set-up similar 838 

to the one used here which is intermediate between the lab experiments at the cell scale 839 

and the measurements on field with no control on environmental conditions and their 840 

history.  841 

 842 

 843 
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 1180 

Fig.A1 Evolution of the different isotope ratios analyzed by IRMS from four experiments with different plants and soil 1181 
resulting from respiration in the dark and photosynthesis during light periods in three closed chambers simultaneously 1182 

over several days. Gray rectangles correspond to dark periods and white rectangles to light periods. (a) corresponds to the 1183 
Cypress dark-only experiment, (b) corresponds to the first day/night experiment for fescue, (c) for banana tree, (d) for 1184 
Laurel. The top of the graphs corresponds to variations in δ18O of O2 and the bottom to variations in δO2/Ar. Purple with 1185 
dots: evolution of δ18O of O2 and δO2/Ar for chamber 1. Green with rectangles: evolution of δ18O of O2 and δO2/Ar for 1186 

chamber 2. Red with triangles: evolution of δ18O of O2 and δO2/Ar for chamber 3.  1187 
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a) 1189 
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e) 1227 

  1228 

Fig.A2 Evolution of the different isotope ratios analyzed by IRM and OF-CEAS techniques simultaneously from five 1229 
experiments with different plants and soil resulting from respiration in the dark and photosynthesis during light periods in 1230 
three closed chambers simultaneously over several days. Gray rectangles correspond to dark periods and white rectangles 1231 
to light periods. (a) corresponds to the Maize and soil experiment during light and dark periods, (b) corresponds to the 1232 
Maize in hydroponic conditions, (c) corresponds to the second fescue and soil experiment, (d) corresponds to the third 1233 
fescue experiment in hydroponic conditions and (e) corresponds to soil only. The top of the graphs corresponds to variations 1234 
in δ18O of O2 and the bottom to variations in δO2/Ar. The coloured graphs correspond to the analysis via the OF-CEAS 1235 
technique: in purple with the circles: evolution of δ18O of O2 and δO2/Ar for chamber 1. In green with the rectangles: 1236 
evolution of δ18O of O2 and δO2/Ar for chamber 2. In red with the triangles: evolution of δ18O of O2 and δO2/Ar for 1237 
chamber 3. Figures in black correspond to analysis via IRMS: chamber 1 (dot), chamber 2 (rectangle), chamber 3 (triangle). 1238 

 1239 

 1240 

Table A1. 𝛼 
 

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 values obtained from sensitivity tests with respect to different fractionation factors associated 1241 

with dark respiration 1242 

Plant 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖− (‰) 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 (‰) 
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Fescue + soil 

-18 4.7 

-40 0.2 

-50 -1.8 

 1243 

 1244 

Table A2. 𝛼 
 

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 value obtained from sensitivity test against a 2 ‰ decrease in δ18Olw value 1245 

Plant δ18Olw (‰) 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 (‰) 

 

Fescue + soil 

-25.5 (measured) 4.7 

-23.5 3.0 

 1246 

 1247 

 1248 

Table A3. Global Dole simulated with the IPSL-CM5A-LR model at PI: sensitivity to different 𝛼 
 

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  and 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖 1249 

values 1250 

IPSL-CM5A-LR at PI 𝜀 
18

𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 (‰) 𝜀 
18

𝑑𝑎𝑟𝑘_𝑟𝑒𝑠𝑝𝑖(‰) Global DE (‰) 

 

This study 

3.7 17 25.5 

13.3 17 32.9 

3.7 16 24.7 

3.7 21 28.6 

 1251 

 1252 


