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Ocean acidification increases pCO2 and decreases pH of seawater and its impact on marine organisms has emerged as a key research focus. In addition to directly measured variables such as growth or calcification rate, stable isotopic tracers such as carbon isotopes have also been used to more completely understand the physiological processes contributing to the response of organisms to ocean acidification. To simulate ocean acidification in laboratory cultures, direct bubbling of seawater with CO2 has been a preferred method because it adjusts pCO2 and pH without altering total alkalinity. Unfortunately, the carbon isotope equilibrium between seawater and CO2 gas has been largely ignored so far. Frequently, the dissolved inorganic carbon (DIC) in the initial seawater culture has a distinct 13C/12C ratio which is far from the equilibrium expected with the isotopic composition of the bubbled CO2. To evaluate the consequences of this type of experiment for isotopic work, we measured the carbon isotope evolutions in two chemostats during CO2 bubbling and composed a numerical model to simulate this process. The isotopic model can predict well the carbon isotope ratio of dissolved inorganic carbon evolutions during bubbling. With help of this model, the carbon isotope evolution during a batch and continuous culture can be traced dynamically improving the accuracy of fractionation results from laboratory culture. Our simulations show that, if not properly accounted for in experimental or sampling design, many typical culture configurations involving CO2 bubbling can lead to large errors in estimated carbon isotope fractionation between seawater and biomass or biominerals, consequently affecting interpretations and hampering comparisons among different experiments. Therefore, we describe the best practices on future studies working with isotope fingerprinting in the ocean acidification background.
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1 Introduction

The ocean acidification problem is becoming more and more serious with the continuous increase of atmospheric CO2 from fossil fuel burning. Ocean acidification can be defined as the increase of dissolved CO2 (CO2(aq)) and consequent decrease of pH in seawater, with increases of dissolved inorganic carbon (DIC) but little variations in total alkalinity (Gattuso and Hansson, 2011). In the last two decades, thousands of studies have been carried out to study the ocean acidification effects on different marine organisms which have been reviewed and synthesized (e.g., Hoegh-Guldberg et al., 2007; Riebesell and Tortell, 2011; Meyer and Riebesell, 2015; Lemasson et al., 2017). These studies have shown that ocean acidification has complex effects on marine calcifiers (Figuerola et al., 2021), non-calcifying marine life (Hurd et al., 2019), and therefore profound impact on marine ecosystems and ocean carbon cycles (Mostofa et al., 2016). Over the past decade, more studies have employed isotopic methods in laboratory cultures to trace the ratio of stable isotopes. The variations of stable isotopes could reveal important physiological responses to ocean acidification beyond, for instance, growth rate, cell size, or elemental stoichiometry. Moreover, predicting these isotopic variations is crucial to calibrate new proxies for reconstructing the atmospheric CO2 concentration in geological history (Hopkinson et al., 2011; Wilkes et al., 2017; Nishida et al., 2020; Phelps et al., 2021; Remize et al., 2021).

Laboratory culture is a key method to study the physiological effect of ocean acidification on different marine life. There are multiple methods to achieve the target culture media CO2(aq) and carbonate chemistry depending on the objectives of the study. The principal methods are (1) manipulating pH by adding acid/base, (2) manipulating DIC through addition of HCO3- or CO32- and (3) bubbling (or aeration) a gas of desired pCO2 concentration (Gattuso et al., 2010). The method of bubbling cultures with CO2 requires gas mixing to obtain the desired CO2 level and humidification to prevent evaporation from culture media. Adding acid/base removes the mechanical stress upon cells from bubbles and benefits from relatively easy operations; however, it could cause shifts of alkalinity and does not reproduce the actual mechanism by which DIC concentration increases in the ongoing Ocean Acidification. Both bubbling and acid-base manipulation can well simulate the CO2 increase and pH decrease effects in laboratory culture, but the CO2 bubbling method has been preferred by some studies because it alone can perfectly replicate the current ocean acidification caused by anthropogenic CO2 without changing the seawater total alkalinity.

For the CO2 bubbling method, the guidebook by Riebesell et al. (2011), covering the methods of laboratory culture for ocean acidification research, highlighted the importance of pre-equilibrating the culture media to the required CO2 concentration by aerating it ‘for a few days’. Considering the wide range of culture vessel shapes and volumes among experiments, our question is how long culture media should be bubbled in order to reach an ordinary chemical and isotopic balance. Some published works mentioned the pre-bubbling durations, for example, the seawater was pre-bubbled for 2 days (Iglesias-Rodriguez et al., 2008), while most publications did not fully describe their methods. Moreover, the isotopic equilibration times are usually much longer than the ordinary chemical equilibration times, because, to reach isotopic equilibrium, each ion and molecule should be fully exchanged and come to equilibrium with other ions and molecules (Mills and Urey, 1940). For the works focusing on organic or carbonate carbon isotope fractionations under different CO2 levels, culture media with out of equilibrium or dynamic carbon isotope ratio of DIC could complicate or even preclude the interpretation of stable isotope fractionation signatures.

In this study, we provide a thorough characterization of the isotopic equilibration process in CO2 bubbling experiments and the factors that influence the carbon isotopic equilibration time, in order to clearly document the approaches needed to accurately infer carbon isotopic fractionations in experiments with bubbling. First, we compose numerical models to simulate chemical and isotopic equilibration during bubbling processes in two different systems and present the effects of seawater volume, gas exchange rate, and difference between the isotopic composition of the bubbled CO2 and that of the media’s DIC on the equilibration time. Secondly, we complete a series of bubbling experiments in a photobioreactor to test the performance of the model simulation. Finally, we evaluate the expected consequences of equilibration time in typical experimental bubbling setups for which carbon isotopic ratios of cultured biomass or biominerals have been reported. With the guide of this study, future works can trace the isotopic fingerprint of ocean acidification on marine biomass better.



2 Experimental setup for determination of equilibration time

We have conducted experiments in commercial photobioreactors of 1 L and 3 L (PBR FMT 150, Photon Systems International) designed for continuous culture. The aeration system allowed gas to first enter the bottom of a bottle with fresh media (‘bottle’ in Figure 1A), where gas humidification and the first exchange of gases occurred. The gas subsequently flowed out towards the photobioreactor where a sparging tube dispersed the bubbles, exchanging gases a second time. Finally, gas flowed to the waste bottle, and from there out of the system (Figure 1A). The photobioreactor compartments were monitored without inoculated cells in batch mode in order to assess the dynamics of the bubbling process itself. The two different photobioreactor sizes and CO2 concentrations employed in this study can be found in Table 1.




Figure 1 | The photobioreactor system with CO2 bubbling and model structure. (A) The photobioreactor system in Climate Geology laboratory, ETH Zurich. GMS means Gas Mixing System. (B) Our model consists of three compartments: bottle headspace, bottle media and photobioreactor media (words in bold). PBR is the photobioreactor. The other terms are simulated amount/concentration of substance, in which capital letters represent substance and subscript letters are abbreviation for compartments.




Table 1 | Parameters for photobioreactor systems.



For the different CO2 concentration treatments, two compressed gases, pure CO2 with a δ13C of -2.8‰ (Vienna Pee Dee Belemnite, VPDB) and CO2-free synthetic air (Air Liquide), were mixed with a Gas Mixing System (GMS-150, Photon Systems Instruments). GMS output flow and pCO2 composition were further verified with a flowmeter and a cavity ringdown spectrometer isotopic and gas concentration analyzer (G2131-i, Picarro, Inc. USA). Measurements of the Picarro CO2 analyzer were corrected with CO2 mixtures with certified concentrations and isotopic composition (Air Liquide).

Photobioreactors and bottles were filled with K/2 media without Tris buffer which was made by artificial seawater (ASW) with nutrient and trace metals (Keller et al., 1987). For the convenience of description, the terms of media, ASW and seawater will be treated equally to the K/2 media in the following without specific mention. The detailed recipe is described in Appendix A. Prior to filtration, 10 L artificial seawater (ASW) was supplemented with 20.48 mL 2M Na2CO3 and 2.90 ml 37% HCl to raise alkalinity above 4 mmol kg-1 seawater. This operation of increasing alkalinity is specialized to maintain the growth pH in high CO2 treatment. The salinity of ASW would increase slightly from 34.97 to 35.53 g kg-1 and this increment in salinity could be ignored during the carbon system calculations.

Concentration of DIC in seawater and concentration and carbon isotope ratio of CO2 in headspace were monitored with an Apollo SciTech DIC-C13 Analyzer coupled to the Picarro CO2 analyzer using in-house NaHCO3 standards dissolved in deionized water at different known concentrations and δ13C values from -4.66 to -7.94‰. δ13C-DIC in media were measured with a Gas Bench II with an autosampler (CTC Analytics AG, Switzerland) coupled to ConFlow IV Interface and a Delta V Plus mass spectrometer (Thermo Fischer Scientific). The system and abovementioned in-house standards were calibrated using international standards NBS 18 (-5.014‰) and NBS 19 (+1.95‰). The analytical error for CO2(g) concentration is <20 ppm and that for DIC concentration and δ13C is <10 μM and 0.1‰, respectively.

Our initial δ13C of un-bubbled DIC (at t0) is -6.1 ± 0.2‰. Before and after the start of bubbling at a flow of 200 ± 20 mL min-1, both headspace and seawater media of the upstream bottle and the photobioreactor were sampled by a 50-mL syringe through one-way sampling ports. The sampling time in each experiment can be found in Tables 2, 3. To measure headspace CO2(g) that had been humidified and exchanged with bottle media, gas flow was directed into a syringe and 50 mL of gas were injected into the Picarro CO2 analyzer.


Table 2 | DIC and CO2(g) in headspace measurements during small system bubbling.




Table 3 | DIC and CO2(g) in headspace measurements during large system bubbling.



To measure seawater DIC, pH and δ13CDIC, 35 mL seawater were syringed out as depicted in Figure 1A. The first 5-10 mL out of 35 mL were routinely discarded to avoid mixing effects with dead volumes in the tubing. One mL was injected into He-flushed glass vials containing H3PO4 for the carbon isotope ratios measurements in Gas Bench. About 12 mL were injected into the glass vials without headspace, for DIC concentration measurements using Apollo analyzer, and 3.5 mL was consumed in each duplicate. There was no gas exchange between air and samples during the sampling of DIC and CO2. The remaining seawater in syringe (~15-20 mL) was then injected into a 50 mL centrifuge tube for pH measurement. The tube was covered with Parafilm M sealing film to reduce the CO2 exchanging between seawater and air. The pH of seawater was measured by a Mettler Toledo LE410 pH-probe calibrated with NBS standards (Mettler Toledo) resulting in an accuracy of ±0.01. Here it should be noted that high ionic strength calibration standards, such as standards in total scale, would be optimal for pH measurement in seawater (Kadis and Leito, 2010).



3 Approach for simulating the gas bubbling process in a numerical model

There are three important processes in DIC carbon isotope evolution simulations, (1) CO2 exchanging between gas (CO2(g)) and seawater (CO2(aq)), (2) DIC inter-reactions and (3) isotopic fractionation during the DIC reactions, which will be introduced separately in the following sections. Beside these three main processes, the sampling of DIC and gas in headspace can also play a minor role in DIC isotope evolution by decreasing the total amount of DIC and accelerating isotopic equilibrium. Thus, the decreasing of DIC volume and the loses of CO2(g) in headspace during sampling are also considered in our model. As described in the last section, the CO2 coming from the Gas Mixing System first goes into the bubbling in bottle, exchanging with DIC in bottle. Then CO2(g) goes out of the seawater in bottle into the bottle headspace. After that, CO2(g) goes into bubbles in photobioreactor exchanging with DIC in photobioreactor. However, in our model, bubbles in bottle and photobioreactor are combined with bottle headspace to reduce the calculation amount. Thereby, in practice, the simulated CO2(g) goes into headspace directly after flowing out of Gas Mixing System, and exchanges with DIC in bottle and photobioreactor together (Figure 1B). With these simplifications, there are only two degrees of freedom in our model: CO2 exchange rate constants (kE) in bottle and photobioreactor. Using a given combination of kE, the forward model runs ordinary differential equations (ODEs) toward steady state using the Matlab function ‘ode15s’, with seawater and CO2(g) composition in bottle, photobioreactor and bottle headspace as initial conditions. The notations and equations of the model are described in detail in the Appendix B, C, respectively. Fitting processes were carried out to estimate the exchange rate constants and gas flux. These processes were achieved by minimizing the difference between simulated carbon isotope ratios and measured values via the Matlab function ‘fmincon’.


3.1 Exchanging between CO2(g) and CO2(aq)

The equilibrium between CO2(g) in headspace and CO2(aq) in seawater follows Henry’s law (Carroll et al., 1991). The net exchange rate (ER) between seawater and headspace follows the Fick’s diffusion law.

 

where the DCO2 is the diffusion coefficient which depends on temperature and pressure, A is the surface area and   is the CO2 concentration gradient between seawater and headspace. In a bubbling system, the surface area depends on the number and size of bubbles, which are difficult to estimate (e.g. Martínez and Casas, 2012). Here, to simply our model, we define an exchange rate constant into the Equation 1, which is a function of bubble surface area, temperature and pressure. If the exchange flux from gas phase into seawater is defined as positive, then net CO2 exchange rate between gas and seawater can be described by kE (with a unit of mol s-1 atm-1 in this case) and the CO2 concentration difference between headspace and seawater by the following equation:



where the kH is the Henry’s Law constant, which depends on temperature and is 0.035 mol L-1 atm-1 at T =291.15K for this work. The pCO2h is the CO2 concentration in headspace, with a unit of atm. The CO2(aq) is the CO2 concentration in seawater, with a unit of mol L-1. Since the kE is difficult to calculate directly, we can estimate it by tracing the DIC carbon isotope evolution during bubbling, which will be described in Section 4.



3.2 DICs inter-reactions

The DICs inter-reactions in the seawater include:

 







The reaction rate constants follow definitions in Zeebe and Wolf-Gladrow (2001), where k+1 and k-1 are constants for hydration and dehydration reactions, k+4 and k-4 are for hydroxylation and dehydroxylation reactions and k+5 and k-5 are for CO32- and HCO3- exchanging. To increase the simulation efficiency, the conversions between HCO3- and CO32- are assumed to be instantaneous since they are about 8-9 orders of magnitudes higher than the reactions rate between CO2(aq) and HCO3- (Zeebe and Wolf-Gladrow, 2001). The hydrolysis reactions (Equation 6) are not simulated in our model in order to increase the simulation efficiency, but the protolysis reactions (Equation 5) are simulated to calculate H+ concentration and thereby simulate the dynamic seawater pH during CO2 bubbling.



3.3 Carbon isotope fractionations

The carbon isotope ratios of DIC and CO2(g) were shown as the relative abundance of 13C/12C in substance X (13Rx) compared with the ratio of 13C/12C in standard carbonate (13Rstd, VPDB in this study):

	(7)

The main processes causing isotopic fractionation in our simulations are: (1) CO2(aq)-HCO3- inter-reactions and (2) CO2 diffusion in air and CO2 diffusion from gas phase into liquid phase. In our model, beside the concentrations of CO2(g), CO2(aq), HCO3- and CO32-, the concentrations of 13CO2(g), 13CO2(aq), H13CO3- and 13CO32- are also calculated. Isotopic fractionations are simulated by using larger or smaller reaction rate constants following Zeebe and Wolf-Gladrow (2001). A summary of reaction rate constants and fractionation factors can be found in Appendix Table B1. The reaction rates of DIC and CO2(g) with heavy carbon atoms are listed in Equation C1-C10.

In this work, the δ13CCO2(g) is about -2.8‰. The carbon isotope fractionation between CO2(g) and CO2(aq) is about 1.2‰ (CO2(g) is less enriched of 13C than CO2(aq)). The fractionation between CO2(aq) and HCO3- is about -9.8‰ at 291.15K (CO2(aq) is more depleted in 13C than HCO3-). The three DIC components vary with pH: the proportion of CO2(aq) decreases with increase of pH, while CO32- increases with the concomitant increase of pH. Since the HCO3- is the dominant component in seawater DIC, the value of carbon isotope fractionation between CO2(aq) and HCO3- is close to the one between CO2(aq) and total DIC (~0.3‰ difference when pH is around 8, Figure 2). In conclusion, ignoring the fractionation in CO2(g) diffusion, the carbon isotope ratios of DIC should be about 8.3‰ more positive than that of CO2(g), when they are in equilibrium, at our culture temperature and pH. In other words, the DIC carbon isotope ratio should be around 5.5‰ after equilibrium with CO2(g) given a temperature of 291.15K and δ13CCO2(g)= -2.8‰ for this work.




Figure 2 | DIC proportion and isotope fractionation in different pH. (A) The ratio of the three components of DIC are plotted on a log scale in function of pH for a seawater at T = 291.15K and Salinity = 35‰. (B) The isotopic fractionations are calculated by the parameters in Table A1. The δ13CVPDB of CO2(aq) is arbitrarily set as 0‰ (red line). In isotopic equilibrium, the CO2(g) is heavier than CO2(aq) by 1.2‰, the HCO3- is heavier than CO2(aq) by 9.8‰ and CO32- is heavier than CO2(aq) by 7.4‰ (Zhang et al., 1995). The fractionation between total DIC and CO2(aq) is a function of pH as it determines the proportion of each DIC.






4 Results of simulations of the DIC evolution in bubbling

In this study, we carried out two experiments to estimate the CO2 exchange rate constants between gas and seawater. The fitting results of CO2 exchange rate constant (kE) are 8.71×10-5, 4.57×10-5, 5.32×10-5 and 3.36×10-5 mol s-1 atm-1 for large system bottle, large system photobioreactor, small system bottle and small system photobioreactor, respectively.

The δ13CDIC before bubbling are around -6.1‰ (-6.54~-5.65‰). With the onset of bubbling, δ13CDIC responded logarithmically, increasing fastest during the first hours and slowing the rate of increase in the following days. The δ13CDIC in both experiments did not increase further after reaching values around 5.5 ‰, about 8.3 ‰ higher than the CO2(g), which well fitted our prediction in the last section. The δ13CDIC reached equilibrium with CO2(g) at 6 days in low CO2 experiment with pCO2 = 470 ppm, while in the other experiment, the isotopic equilibrium was achieved at 5 days after bubbling. In our simulations, the carbon exchange rate between CO2(aq) and HCO3- is more than two orders of magnitude higher than the rate between CO2(g) and CO2(aq). Therefore, carbon isotope ratios of CO2(aq) (δ13CCO2(aq)) are almost parallel with δ13CDIC (dashed lines in Figure 3).




Figure 3 | Measurements and simulations in two bubbling experiments: (A) lower CO2 experiment in small photobioreactor system; (B) higher CO2 experiment in large photobioreactor system. Lines are simulation results and dots are measured. Blue lines and dots are carbon isotope ratio of CO2(g) in headspace, red lines and dots are DIC carbon isotope in bottle and green lines and dots are DIC carbon isotope in photobioreactor (PBR in legend). Red and green dashed lines are simulated CO2(aq) carbon isotope ratios in bottle and photobioreactor, respectively. The ϵ1 and ϵ2 are carbon isotope fractionations between DIC and CO2(g) and CO2(g) and CO2(aq), respectively.



Compared to the continually increasing δ13CDIC and δ13CCO2(aq), the carbon isotope ratio of CO2 gas (δ13CCO2(g)) in bottle headspace interestingly showed more variations (blue dots in Figure 3). The initial value of δ13CCO2(g) was around -15‰, which is the atmosphere CO2 carbon isotope ratio in the poorly ventilated laboratory. There were sharp increases in δ13CCO2(g) from -15‰ to around -6‰, immediately after bubbling (-4.31‰ in high pCO2 experiment and -7.32‰ in low pCO2 experiment, only five minutes after bubbling). This was caused by the CO2 in bottle headspace being rapidly replaced by the new CO2 coming from the Gas Mixing System, which has a carbon isotope fingerprint of -2.8‰. With a fixed gas flux, this kind of rapid increase in δ13CCO2(g) was more significant in high CO2 concentration experiment (Figure 3B). The rapid increase of δ13CCO2(g) was then followed by a decrease of δ13CCO2(g), which was caused by CO2 exchanging between gas in headspace and DIC in seawater. In the large system, the CO2 exchange rate is about 640% higher than the rate in small system, due to the higher pCO2 and higher kE. Therefore, the 13C in CO2(g) went into DIC in seawater faster in the larger system, resulting in an about 1.2‰ decline in δ13CCO2(g) and also faster increases in δ13CDIC (Figure 3B). This complex pattern of δ13CCO2(g) was well simulated in our model (blue lines in Figure 3), though the simulation results are a bit lower value than measurements in high CO2 experiment. This could be caused by the combination of the bubbles in bottle and photobioreactor with the headspace in our model, resulting in a more significant decline in δ13CCO2(g) when CO2(g) begins to exchange with DIC.



5 Implications for experimental setup and interpretation


5.1 Factors controlling equilibration time

To study the potential influence of experimental settings on equilibration time, a series of sensitivity tests are carried out by simulating the DIC evolution during bubbling. Here we define the ‘99% ordinary equilibration time’ as the time when [CO2(aq)] reach [CO2(aq) t=0] + 0.99([CO2(aq) t=∞] – [CO2(aq) t=0]). Similarly, the ‘99% carbon isotopic equilibration time’ is defined as the time when the DIC carbon isotope ratio reaches δ13CDIC t=0 + 0.99(δ13CDIC t=∞ - δ13CDIC t=0).

The first sensitivity test is the effect of CO2 gas exchange rate constant (kE) on equilibration time. Given a DIC concentration of 2200 μM and in a media volume of 1 L, and the initial carbon isotope difference between CO2(g) and DIC of 5‰ (δ13CCO2(g) - δ13CDIC t=0 = 5‰), both ordinary and isotopic equilibration time increase with a decreasing CO2 exchange rate constant (Figure 4A). Hence, we suggest that the CO2 exchange rate between gas and seawater is the first-order limitation of isotopic equilibration time.




Figure 4 | Sensitivity tests of different parameters effects on equilibration time. (A) Both isotopic (red) and chemical (blue) equilibration times decrease with the increase of gas exchange rate constant. The grey shaded area represents the estimated gas exchange rate constants in this work, ranging from 10-4.4 to 10-4.1 mol s-1 atm-1. (B) Both isotopic (red) and ordinary (blue) equilibration times increase with the increase of seawater volume. (C) The DIC carbon isotope reaches equilibrium faster when the carbon isotope ratio difference between DIC and CO2(g) is around 8.3‰ (same as the ϵ1 in Figure 3), which is the equilibrium fractionation between DIC and CO2(g) at 291.15K. The carbon isotope difference does influence equilibration time especially when the difference is between -20‰ and -8.3‰. Numbering illustrates isotopic ratio differences in representative experiments here and in published works: No. 1 marks a Δt=0 = 1.7‰ in kE measurement experiments in this study. No. 2 marks Δt=0 ranging from about -37 to -17‰ in several other works (e.g., Liu et al., 2018; Phelps et al., 2021). No. 3 marks a Δt=0 around -9‰ (Tchernov et al., 2014).



In the second simulation, the effect of culture media volume (or total DIC amount) was tested. Given a DIC concentration of 2200 μM, an initial carbon isotope difference between CO2(g) and DIC (Δt=0) as 5‰ (δ13CCO2(g) - δ13CDIC t=0 = 5‰) and a kE of 10-4 mol s-1 atm-1, both of ordinary and isotopic equilibration time show a linear increase with the seawater volume (Figure 4B). These simulations fit the expectation that, when the total DIC amount is higher, it will take longer to reach equilibrium in the system.

Finally, we evaluate the effect of initial carbon isotope difference between CO2(g) and DIC on equilibration time. The carbon isotope of CO2(g) was fixed in all simulations, but the initial carbon isotope ratio of DIC was varied, with initial carbon isotope difference ranging from -40 to 20‰. The DIC concentration was set as 2200 μM and the volume of media at 1 L. The simulation results in Figure 4C show that when the Δt=0 is ~-8.3‰, which is the equilibrium fractionation between CO2(g) and DIC at T = 291.15K, the DIC reaches isotopic equilibrium with CO2(g) even faster than the ordinary chemistry equilibrium. When the absolute isotopic difference (|Δt=0|) is larger, for example from -8.3 to -20‰, the isotopic equilibration time would increase exponentially. Another interesting observation is that, when the isotopic difference between CO2(g) and DIC is large enough, the time to reach isotopic equilibrium will not increase with the |Δt=0|. We suggest that this is the time cost for all carbon atoms in the DIC to fully exchange with carbon atoms in CO2(g). In contrast with the isotopic feature of seawater, the initial concentration of DIC and pH only have minor impacts on the equilibrium time, especially the isotopic equilibrium (Appendix E Figure E1).



5.2 Potential equilibration time effects in typical experimental setups

In recent years, more laboratory culture works have focused on carbon isotope variations in biogenic carbonate or bulk/special organic carbon under ocean acidification scenarios. We consider the expected behavior of carbon chemistry equilibration in three types of published experimental setups, and implications for the estimation of carbon isotope fractionation between DIC and biomass or biominerals.


5.2.1 Aeration of the gas surface without bubbling

The longest equilibration time would be expected for systems in which CO2 is not bubbled directly but instead CO2(g) was pumped into the bottle headspace, such as described in a recent published laboratory culture study on coccolithophores (Phelps et al., 2021). In their 2.5 L volume vessels of 1 L approximately 2000 μM DIC, the isotopic difference between CO2 tank and the natural seawater media was not reported. Given natural seawater, the carbon isotope of DIC was likely in the range of 1 to 1.6‰ (Bidigare et al., 1997). Typical standard commercial CO2 gas cylinders produced from fossil fuel combustion around -37‰. The range of carbon isotope difference would be ~38‰ and the expected equilibrium δ13CDIC value after bubbling would be about -29‰. Measurement of δ13CDIC at the start and end of the 5 day duration of experiment showed the least negative values (-7 to -9‰) in the 200 ppm CO2 treatment and the most negative values (-15 to -17‰) in the 1000 ppm treatment (see Figure S8 in Phelps et al. (2021)). As the gas exchange rate constant should be the same between treatments, the gas exchange rate increases with the CO2 concentration (see the Equation 2 in Section 3). This would lead to the DIC carbon isotope value in the 1000 ppm treatment being closer to equilibrium (more negative) than that in the 200 ppm CO2 experiment. In this study, in order to minimize the impact of evolving δ13CDIC, the isotopic fractionation was calculated using the final DIC carbon isotope ratio of each experiment, as representative of the DIC in which most of the harvested culture biomass was produced. Therefore, in this case, even if the DIC carbon isotope ratios did not reach equilibrium with the CO2 gas, the fractionation results are still robust with help of DIC measurements. However, the disequilibrium between DIC and CO2(g) could add additional errors in ϵp calculations, because of the gradual negative shift of DIC carbon isotope over the course of the culture. Additionally, the carbon isotope exchange rate would be faster when there is more disequilibrium with CO2(g), resulting in a larger potential error in ϵp estimations (Figure 5A). In conclusion, even if the DIC carbon isotope ratios are measured carefully, it is still more optimal to ensure isotopic equilibrium in DIC for a stable δ13CDIC to reduce the potential error.




Figure 5 | Concept model of isotopic disequilibrium effects in different experimental setups. Time advances from left to right in unspecified units since actual equilibration timescales depend on vessel dimensions and bubbling rate and surface area. Red shading areas represent the period in which media was bubbled before addition of cells. Blue and green shaded areas represent culture duration with bubbling. Horizontal dashed lines represent the δ13CDIC after reaching equilibrium with CO2(g), while solid lines give the time varying δ13CDIC for different scenarios detailed below. Blue lines are shown for the common situation of bubbling a media of initial δ13CDIC close to surface seawater (~0‰) with CO2(g) of ~-38 ‰. The Δ1 and Δ2 are used to illustrate potential errors in estimation of δ13CDIC, as detailed below. (A) Potential effect of the timing of sampling on the uncertainty in the δ13CDIC. Because cells are produced not only the last day, but also a period of time before harvest, if the δ13CDIC at time of cell harvest time was employed in fractionation calculation, the more rapid δ13CDIC evolution early in the experiment could lead to a larger error as (Δ1 vs Δ2). Different CO2 concentration treatments with different rates of reaching equilibrium, or different culture durations can cause differences in error as well as bias the estimation of δ13CDIC corresponding to period of cell production. (B) Comparison of the effect of δ13CCO2(g) of -38‰ (blue lines) vs ~-17‰ (green lines) on estimation of δ13CDIC. The DIC carbon isotope would reach equilibrium faster with a CO2(g) to DIC isotopic difference of around -8.3‰ leading to a smaller disequilibrium. This effect could be more serious when the DIC carbon isotope ratios are not measured. (C) The effect of dilution frequency on DIC carbon isotope evolution in continuous culturing set-ups. Blue and green lines present two different dilution treatments and red line represents δ13CDIC evolution before first dilution. The vertical dashed lines represent positive shifts in carbon isotope caused by dilutions with un-bubbled seawater. Higher dilution rate would lead to a larger disequilibrium as Δ1, if the seawater reservoir is not pre-bubbled to equilibrium with CO2(g), which could also increase the error of fractionations in continuous culture set-ups.





5.2.2 Active bubbling of batch cultures

Shorter equilibration times would be expected in the cultures which are actively bubbled compared to cultures with only gas surface aeration. Remize et al. (2021) actively bubbled 2 L culture vessels of natural seawater of initially 750 μM DIC with an intensity of 5 bubbles per second. The isotopic difference between the CO2 tank (-37.7‰) and natural seawater media (5‰) would be 42‰ and the expected equilibrium value after bubbling would be ~-30.5‰ at Tk = 292K. Measurement of δ13CDIC every 4 days reveals δ13CDIC attained -31‰, the expected equilibrium value after around 20 days. The equilibration likely required >10 days due to a slow gas exchange rate resulting from low-intensity bubbling and low CO2 concentration. The δ13C of biomass sampled every 4 days throughout the experiment also evolves by 40‰ in parallel with the evolution of the δ13CDIC.

Another example using bubbling method is Liu et al. (2018), who studied the carbon isotopic fractionation of a coastal coccolithophore, Ochrosphaera neapolitana. However, instead of measuring DIC carbon isotope ratios directly, they calculated expected DIC carbon isotope ratios assuming equilibrium with CO2(g). Their carbon isotope fractionation results, in both calcite and organic carbon, were higher than other coccolithophores laboratory culture results (Rickaby et al., 2010; Hermoso et al., 2016; Stoll et al., 2019) by ~5–10‰. Moreover, they bubbled the DIC in three different CO2- groups by gas with three different carbon isotope ratios ranging from -15‰ to -37‰. This could cause differences in the extent of isotopic disequilibrium among the experiments, as shown in Figures 4C, 5B.



5.2.3 Bubbling in continuous culture setups

More complex situations arise with continuous culturing set-ups. An example would be bubbling of the culture vessel but not the inflow bottle, from which new media are pumped into the culture for (semi-)continuous dilution (Wilkes et al., 2017; Wilkes et al., 2018). In this system, the CO2 added was -38.6‰ for all cultures, and natural seawater (assumed to be about 1 to 1.6‰ as Bidigare et al. (1997)), in a 4 L culture vessel. The expected equilibrium δ13CDIC would be -30‰. Different dilution rates were employed to control algae growth rate. In such a system the DIC carbon isotope could be closer to equilibrium when the dilution rate is lower. From the observations, it appears that the DIC in high CO2 and low dilution rate treatments get closest to equilibrium (from the Table 1 in Wilkes et al. (2017)), while the faster dilution rate and lower CO2 are furthest from equilibrium (Figure 5C). Previous authors (Wilkes et al., 2017) suggested that differences in the bubbling regimen may have contributed to the very different results from continuous cultures of Hoins et al. (2016). In Hoins et al. (2016), the biomass carbon isotope fractionation shows a much narrower range, only from 9 to 12‰, compared to the 14 to 26 ‰ in Wilkes et al. (2017), even though the CO2 settings and cell growth rates in these two studies are similar. However, insufficient details are provided in the method of Hoins et al. (2016) to evaluate the role that isotopic equilibrium may have played in these divergent results, while the DIC carbon isotope ratios in Wilkes et al. (2017) were measured making the fractionation results more reliable.

Continuous cultures with faster equilibration are expected to result from using gas and media with a CO2(g) to DIC isotopic difference around -9 to -8‰ (varying with temperature), as discussed in Section 5.1. Tchernov et al. (2014) described a culture in which natural seawater in Gulf of Maine, ~1.2‰ at nearest station in GLODAP V2 (Olsen et al., 2016), was bubbled with atmospheric CO2 (~ -8.5‰), with expected equilibrium ranging from -7.6‰ at 26°C and -9.6‰ at 8°C (more equilibrium fractionations in different temperature can be found in Appendix D). The CO2(g) and DIC were close to reach isotopic equilibrium in this study. Therefore, although only the culture vessel not the media reservoir was bubbled, the equilibration time would have been very short (as seen in Figure 4C).




5.3 Suggestions for future studies

As discussed in the previous section, isotopic disequilibrium is likely to have happened widely in current carbon isotopic studies involving bubbling of cultures. Most ocean acidification studies did check the ordinary chemistry equilibrium carefully by monitoring the seawater pH or DIC concentration during bubbling. But the carbon isotopic equilibrium has often been ignored so far, which could be much slower than the ordinary equilibrium. Here we suggest that for all laboratory culture works on carbon isotope fractionation, measuring the DIC carbon isotope ratio directly is always very necessary, at least once at the beginning and again the end of culture, in case the DIC is in disequilibrium with CO2(g). We can estimate the isotope ratio at equilibrium quickly by δ13CCO2(g) – Δeq, where Δeq is the equilibrium carbon isotope fractionation between CO2(g) and DIC (defined as δ13CCO2(g)- δ13CDICeq, ~-8.3 when the temperature is about 291.15K and pH is around 7.8-8.2 in this study). The Δeq for different temperature and pH combinations have been listed in Table D1. If regular DIC carbon isotope measurements are not available, a safe solution could be pre-bubbling seawater for more than one week before carrying out any culture experiments. Even with measurements of DIC carbon isotope ratios, we still recommend that the DIC carbon isotope should reach (or be close to) isotopic equilibrium with CO2(g), to minimize the error in carbon isotope fractionation calculations. For continuous cultures, the media reservoir used for dilution should also be pre-bubbled to avoid huge carbon isotopic shifts during culture, which can also reduce the error. We also suggest that it is necessary to report, as detailed as possible, the culture methods, including the CO2(g) carbon isotope ratio, initial DIC carbon isotope ratio, pre-bubbling duration and dilution percentage, for the benefits of data comparison in future works.

For a chemostat system similar to the photobioreactor system employed in this work, both the ordinary and isotopic equilibriums are primarily limited by the CO2 exchange rate between the gas phase and liquid phase. As discussed in the sensitivity test results, increasing the kE can significantly accelerate the equilibration process. Firstly, exchange rate can be accelerated by increasing the gas flux. However, some large or fragile phytoplankton species, such as Trichodesmium erythraeum and dinoflagellate species, might be affected by the turbulence caused by bubbling (Hurd et al., 2009). Therefore, most studies employed a ‘gentle bubbling’, with a gas flux ranging from 100 mL min-1 to 300 mL min-1 for culture flasks in a few liters (e.g., Li et al., 2012; Gordillo et al., 2015). Additionally, it was also recommended to stop bubbling for the first day of incubation as the algae get acclimated (Shi et al., 2009). In conclusion, we should avoid increasing the gas exchange rate by increasing the gas flux, especially for algal cultures. Another way to accelerate equilibrium is using a gas-diffuser (also known as an air-stone), which could divide gas bubbles into a larger number of smaller bubbles significantly increasing the surface area between gas phase and seawater phase. Gas diffusers of plastic or glass are likely to provide the best option for gas diffusion in culture.

For studies evaluating vital effects in the oxygen isotope ratios of carbonate shells, such as coccoliths, the shells of foraminifera and bivalve, the oxygen isotope equilibrium between CO2(g) and water should be also considered. In theory, the oxygen isotope equilibrium should take longer to reach equilibrium than that of the carbon isotopes. This is because in a closed system the equilibration time for carbon isotopes is only 102 seconds, but the equilibration time for oxygen isotopes is about a few hours (Zeebe and Wolf-Gladrow, 2001). Previously, the oxygen isotope issue was ignored because the oxygen atom from water is dominant in a DIC-H2O system. For example, in 1 L seawater with [DIC] = 2.3 mM and pH = 8.2, there are only about 4.6×10-3 mol oxygen atoms derived from DIC but about 55 mol oxygen atoms from H2O. However, continuous CO2 bubbling will bring more oxygen atoms from CO2(g) into media. This will alter the seawater oxygen isotope ratio if the oxygen isotope in CO2(g) is not naturally equilibrium with the oxygen isotope ratio of H2O. Therefore, when biogenic carbonate oxygen isotope fractionation experiments are carried out using CO2 bubbling, cautions are advised that the water oxygen isotope results could be influenced by disequilibrium among CO2(g)-DIC-H2O.

During culturing, the biomass consumes DIC and nutrients continually, modifying the culture media chemical and isotopic composition. Historically, previous work had to employ dilute batch cultures to avoid large shifts in both DIC concentration and isotopic composition. Chemostat systems were designed to keep a stable cell growth environment with help of numerical models (e.g., Ajbar and Alhumaizi, 2011). With cell density, growth rate, PIC and POC per cell, it would be possible to simulate how cell growth influences the DIC concentrations and isotope ratios evolution in continuous cultures, and very low cell density may no longer be the only way to achieve an accurate estimation of isotopic fractionation and stable carbonate system. Carbon isotope fractionation results in batch culture can also be re-calculated more accurately by employing an isotopic model to simulate a dynamic DIC carbon isotope ratio, than simply using the DIC carbon isotope ratio at the end of culture.
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