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In addition to reducing carbon dioxide (CO2) emissions, actively removing CO2 from the atmosphere is widely considered necessary to keep global warming well below 2°C. Ocean Alkalinity Enhancement (OAE) describes a suite of such CO2 removal processes that all involve enhancing the buffering capacity of seawater. In theory, OAE both stores carbon and offsets ocean acidification. In practice, the response of the marine biogeochemical system to OAE must be demonstrably negligible, or at least manageable, before it can be deployed at scale. We tested the OAE response of two natural seawater mixed layer microbial communities in the North Atlantic Subtropical Gyre, one at the Western gyre boundary, and one in the middle of the gyre. We conducted 4-day microcosm incubation experiments at sea, spiked with three increasing amounts of alkaline sodium salts and a 13C-bicarbonate tracer at constant pCO2. We then measured a suite of dissolved and particulate parameters to constrain the chemical and biological response to these additions. Microbial communities demonstrated occasionally measurable, but mostly negligible, responses to alkalinity enhancement. Neither site showed a significant increase in biologically produced CaCO3, even at extreme alkalinity loadings of +2,000 μmol kg−1. At the gyre boundary, alkalinity enhancement did not significantly impact net primary production rates. In contrast, net primary production in the central gyre decreased by ~30% in response to alkalinity enhancement. The central gyre incubations demonstrated a shift toward smaller particle size classes, suggesting that OAE may impact community composition and/or aggregation/disaggregation processes. In terms of chemical effects, we identify equilibration of seawater pCO2, inorganic CaCO3 precipitation, and immediate effects during mixing of alkaline solutions with seawater, as important considerations for developing experimental OAE methodologies, and for practical OAE deployment. These initial results underscore the importance of performing more studies of OAE in diverse marine environments, and the need to investigate the coupling between OAE, inorganic processes, and microbial community composition.
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Introduction

Earth's climate is changing due to continued anthropogenic CO2 emissions, with very high emission scenarios causing a projected warming of over 4°C by 2100 (IPCC, 2021). The marine system is intimately linked to these climatic changes. Oceanic CO2 uptake leads to ocean acidification that, when combined with additional temperature and pollution stresses, may lead to marine ecosystem destabilization (Sabine et al., 2004; National Research Council, 2010; Riebesell and Tortell, 2011; Honisch et al., 2012). In addition to managing the climate crisis, an additional focus should be placed on maintaining ocean health and services.

Keeping warming well below 2°C is a major societal challenge, and will require policies that drastically reduce CO2 emissions (Rogelj et al., 2016; Meinshausen et al., 2022). Emissions reductions, while necessary, may require complementary actions that actively remove greenhouse gases from the atmosphere, known as Negative Emissions Technologies (NETs; Royal Society Royal Academy of Engineering, 2018; National Academies of Sciences Engineering and Medicine, 2019). One promising NET is ocean alkalinity enhancement (OAE), an umbrella term for a suite of processes focused on enhancing the buffering capacity of the ocean. Due to its effect on ocean chemistry, OAE would not only neutralize and sequester CO2, it would also offset a substantial portion of ocean acidification (Kheshgi, 1995; Caldeira and Rau, 2000; Renforth and Henderson, 2017; National Academies of Sciences Engineering and Medicine, 2022).

OAE is based on a geochemical earth-system feedback in which increasing atmospheric CO2 drives chemical weathering and dissolution of calcium carbonate, silicate, and oxide minerals on land (Hartmann et al., 2013; Renforth and Henderson, 2017; Renforth, 2019). Delivery of the resulting alkalinity and cations to the ocean raises its buffering capacity, allowing for mass transfer of CO2 from the atmosphere into the ocean. Because of these natural alkalinity feedbacks, the global ocean already holds ~60x more carbon than the atmosphere (Sigman and Boyle, 2000). However, these natural alkalinity feedbacks operate on 10,000–100,000 year timescales (Berner et al., 1983; Archer et al., 1998). The concept of OAE is to speed up this natural geochemical weathering process through engineered approaches (Kheshgi, 1995; Renforth and Henderson, 2017), decreasing its operational timescale to one capable of offsetting anthropogenic emissions (i.e., 1–10 GT C yr−1; IPCC AR6).

The biological effects of OAE approaches have been understudied (Bach et al., 2019; National Academies of Sciences Engineering and Medicine, 2022). The point-source nature of alkalinity introduction to the ocean means that temporal and regional gradients will exist in neutralization effectiveness (Burt et al., 2021) and in the extent of impact (Butenschön et al., 2021; Mongin et al., 2021). OAE may not simply restore ocean chemistry, or exactly reverse the biogeochemical effects of ocean acidification (Zickfeld et al., 2021). For example, there may be distinct responses to enhanced alkalinity inputs that will not be predicted based on the extensive research on the impacts of ocean acidification (National Research Council, 2010). Before being deployed at scale, the biogeochemical effects of OAE should be studied explicitly through experimentation.

In particular, because OAE will increase calcite saturation state, focus has been placed on assessing the response of marine calcifiers (Renforth and Henderson, 2017; Bach et al., 2019). Since calcification is a source of CO2 to the atmosphere (Frankignoulle et al., 1994), increased biological or inorganic CaCO3 production in response to higher saturation state would constitute a negative feedback on the ability of OAE to sequester carbon. Furthermore, the resulting ecosystem shifts could potentially impact export efficiency, leading to complex feedbacks on whole-ocean carbon storage through the operation of the biological pump (Bach et al., 2019).

Assessing the natural community response to alkalinity addition is key to scaling OAE approaches. To date, experimental OAE impact studies have focused on individual species in culture. For example, coralline algae demonstrated increased calcification in response to higher alkalinity at constant pCO2, with no measurable effect on photosynthesis (Gore et al., 2018). This increased calcification response would constitute a negative feedback to OAE. In a separate study, some larger marine organisms were able to withstand magnesium bicarbonate concentrations >10 mM with minimal ecotoxicological impact, suggesting a relatively high tolerance for enhanced alkalinity (Gim et al., 2018). Individual cultured organisms are crucial for understanding mechanistic physiological responses to environmental forcings. However, there may be interactions at the community scale that are not captured in these laboratory cultures, both because of trophic interactions, and because cultured organisms are not necessarily the same as those found in the natural environment.

In this study, we focus on two questions: (1) Does alkalinity enhancement provoke a biogeochemical response from the natural marine community, and is it dose-dependent or independent of dosage? And (2) Is the response consistent or variable across different locations? The North Atlantic Ocean is a particularly important region to characterize because it accounts for ~25% of all contemporary oceanic CO2 uptake from the atmosphere (Friedlingstein et al., 2020) despite comprising only 15% of the global ocean surface, and is a key deepwater formation location (Sigman and Boyle, 2000), meaning that OAE in the North Atlantic may lead to rapid carbon sequestration and long stored CO2 residence times. Oligotrophic regions are important ecologically, due to their geographic extent in both the Atlantic and Pacific basins (Polovina et al., 2008).

To begin to address these questions, we conducted short-term incubations in which we amended natural seawater with three amounts of alkalinity at two sites in the North Atlantic Subtropical Gyre. These incubations were designed to test the short-term stress-response of natural communities to alkalinity enhancement. We added pure carbonate alkalinity while holding seawater pCO2 constant. This approach simulates an alkalinity addition that has already reacted with gaseous CO2 such that it is fixed and stable as bicarbonate. In this way, we alleviate the need to continuously aerate the experiments; separate compounding effects of cation addition (Bach et al., 2019) or degassing (Rau et al., 2007); and distinguish the effect of added alkalinity from ocean acidification studies aimed solely at changing seawater pCO2 (Meyer and Riebesell, 2015). Our three alkalinity additions (low, medium, high) were chosen to fall in the range of scenarios C and D from Renforth and Henderson (2017), simulating conditions ranging from extensive, equilibrated alkalinity addition to rapid, moderate impact alkalinity addition.



Location and methods


Station locations

Incubations were conducted at two locations in the North Atlantic Subtropical Gyre during the 2020 occupation of the 24.5°N longitudinal section on the RRS James Cook (JC191; experiment stations subsequently called “Alkaline Ocean I and II” or AOI and AOII; Table 1). Wintertime in the subtropical gyre is typically characterized by low and stable primary production (Figure 1; Henson et al., 2009). AOI was conducted at the gyre boundary close to the Bahamas, where the base ecosystem is characterized by relatively high, diatom-dominated production (Luo et al., 2012). AOII was conducted in the central gyre, characterized by highly stable, low production, dominated by picophytoplankton, similar to the Bermuda-Atlantic Timeseries site at times of ultra-oligotrophy (Cavender-Bares et al., 2001). Seawater was sampled from both locations at 40 m water depth, with AOI being slightly colder and less saline (23.58°C, Salinity = 36.75) than AOII (23.71°C, Salinity = 37.53). The calculated mixed layer depth (MLD, determined as the depth where Δ°C = 1, Reynolds et al., 2014) was similar at both locations (123 m and 122 m, respectively) and both stations showed a deep fluorescence/chlorophyll max (121 m at AOI and 126 m at AOII). The two stations differed most in terms of biological production, with a weighted mean Chl a concentration above sampling depth of 0.099 mg m−3 at AOI, compared to 0.049 mg m−3 at AOII in the ultraoligotrophic central gyre.


TABLE 1 Experiment details for both locations, including alkalinity spike information.

[image: Table 1]


[image: Figure 1]
FIGURE 1
 A map of the North Atlantic Subtropical Gyre, with marked station locations for the study (see Table 1 for coordinates). The background is the mean satellite-derived chlorophyll-a (Chl-a), averaged for the months of January and February, 2020.




Alkalinity enhancement

Three alkalinity spikes (low, medium, and high) were made by weighing out mixtures of NaHCO3 and Na2CO3 salts, each with alkalinity to dissolved inorganic carbon (Alk:DIC) ratios calculated to maintain constant pCO2 (Table 1). The benefit to maintaining constant pCO2 is twofold. First, it eliminates large pCO2 gradients between the experiments and the surrounding medium (both air and the flow-through incubator seawater; see below). This approach ensures that CO2 exchange does not impact the carbonate chemistry over the experiment duration. Second, adding carbon as well as alkalinity allows for larger alkalinity additions without causing extremely high carbonate ion concentrations (and therefore CaCO3 saturation states).

Salt mixtures were stored dry and transported in individual 50 mL Falcon tubes. Immediately before seawater collection, salt mixtures were dissolved into 50 mL of milli-Q water and shaken until completely dissolved. The 13C primary production spike was prepared separately. A smaller amount of NaH13CO3 was weighed into a 15 mL Falcon tube and stored as a dry salt. Before the first incubation, this spike was fully dissolved into 15 mL milliQ water, for a spike concentration of ~0.2 M. The spike was then kept sealed, refrigerated, and in the dark over the course of the cruise, for use in both sets of incubations.



Incubations

We conducted all experiments with raw, natural seawater collected at night from 40 m depth using 10 L niskin bottles. Water from individual Niskins was combined into a large shaded tank and individual cubitainers were filled from this pooled reservoir. Four 9.5 L cubitainers (ColeParmer, Environmental Express® Cubitainer® Collapsible Polyethylene (PE) Containers) were filled for each treatment type (control, low, medium, and high) for a total of 16 cubitainers per location. To each of these cubitainers, 234 μL of the isotopic spike was added for a final [NaH13CO3] of 5.2 μM. To each cubitainer except for the four controls, 12.5 mL of alkalinity spike was added via 5 mL pipette. Cubitainers were capped and gently shaken to fully mix the spikes into the seawater. After full mixing, one randomly chosen cubitainer from each treatment was immediately sampled for all analyses as an initial “t0” sample. The remaining three cubitainers from each treatment type (control, low, medium, high, in triplicate; 12 in total) were placed in an on-deck flow-through incubator which maintained the containers at ambient surface temperature conditions over the experiment duration. Incubators were screened with light filters (Lee filters, 172 Lagoon Blue) to mimic the light conditions at the sampling depth. Ship movement, driven in accordance with wind and wave action, provided continuous, passive mixing.

At t0 and after 96 h (tf), incubations were quenched by removing the cubitainers in a random order and sampling the seawater for (1) DIC and total alkalinity (TA); (2) nutrients; (3) FlowCam (4) Flow cytometry; (5) total particulate carbon and nitrogen and δ13C; (6) particulate inorganic carbon. As with the initial water collection, all sampling was conducted at night and under light exclusion by covering the cubitainers with black bin bags. Each cubitainer was gently mixed by hand before each sample was taken.



Incubation subsampling

For DIC and total alkalinity, samples were collected in 250 mL borosilicate glass bottles following Dickson et al. (2007); after a 1% by-volume headspace was created the sample was poisoned by addition of 50 μL of saturated mercuric chloride solution and made air-tight by sealing with greased (Apiezon L) ground-glass stoppers and storing in the dark at room temperature. Samples were analyzed at the National Oceanography Center, Southampton, UK: DIC was measured by coulometry using a MARIANDA VINDTA 3C system (Mintrop, 2004), with CO2 extracted from a calibrated volume of sample by addition of 8% phosphoric acid in excess. TA was determined using a two-stage potentiometric open-cell titration using a Scripps Total Alkalinity Titration System (Dickson et al., 2003); weighed volumes were first acidified to pH 3.5-4 using hydrochloric acid while stirred and bubbled with air to remove evolved CO2, before the titration was continued to pH 3.0. The TA was determined using a non-linear least-squares fit of the equivalence point of the titration curve. Both analyses were calibrated using certified reference materials (Batches 180 and 191; Dickson, 2010). Mean accuracy based on repeat analyses of reference material was 0.95 μmol kg−1 (n = 4) for TA and−0.37 μmol kg−1 (n = 9) for DIC.

For nutrients, brown HDPE bottles were filled directly from the incubation cubitainers after rinsing three times with the incubation water and stored chilled until onboard analysis. Inorganic nutrients in micro-molar concentrations were analyzed on board of the R/V James Cook on a 4-Channel AA3 autoanalyzer (Seal analytical). Samples were analyzed within 8 h after collection and measured against certified reference material (KANSO). Long-term measurement uncertainties were assessed by repeat measurements of Niskin samples over the cruise duration. Over 10 random Niskin bottle samples with 10 replicates each (n = 100), long-term standard deviations were 0.033 μM (silicate), 0.003 μM (phosphate), 0.011 μM (nitrate), and 0.004 μM (nitrite).



Biological and particulate sampling

For FlowCam, a 15 mL Falcon tube was filled with incubation seawater, followed by 37.5 μL of glutaraldehyde (to achieve 0.25% final concentration). Samples were immediately stored at 4°C. FlowCam samples were analyzed on a FlowCam VS1 (Fluid Imaging Technologies) in a 100 μm flow cell under 10x magnification and the use of a colorimeter-inlet, allowing for the determination of particles with a size range from 2 to 100 μm. The preserved sample water was injected into the flowcell with a flow rate of 0.150 ml min−1, each sample was analyzed in triplicate. Instrument performance was checked with a sample of diatom-rich coastal seawater at the beginning of each analytical session. Using the method of Clauset et al. (2009), the distribution of particle sizes in each sample was fit with a power-law probability distribution, i.e., p(D) = A(ξ) (D/2)−ξ, where D is a particle's equivalent spherical diameter in μm, ξ is the power-law exponent that describes the relative abundance of smaller vs. larger particles, and A is a normalizing constant. A ξ = 3 means that 100 μm particles are 1000x rarer than 10 μm particles, whereas a ξ = 2 means that 100 μm particles are 100x rarer than 10 μm particles.

For flow cytometry analyses, 2 ml of incubation water were fixed with 20 μl glutaraldehyde (50 % solution), stored at 4°C for 12 h and then transferred into a −80°C freezer until analysis (Heywood et al., 2006). Flow cytometry samples were analyzed on a CyFlow Cube 8 (Sysmex). The determination of the planktonic community of Prochlorococcus, Synechococcus and picoeukaryotes was achieved by analyzing water samples at a flowrate of 0.5 μl s−1 immediately after defrosting and by gating each group based on their fluorescence signals against their size fractionation. For the determination of the bacterial community, sample water was stained with Sybr Green I DNA dye for 1 h at room temperature and then analyzed at a flowrate of 1 μl s−1. The distinction between High (Hnac) and Low nucleic acid bacteria (Lnac) was achieved by gating according to the fluorescence signal against the differentiation in size. We adopted the autotrophic:hetotrophic biomass framework outlined by Calvo-Díaz et al. (2011) to analyze the total change in the autotrophic potential of our experiments. Although we do not have comparable size/volume scaling laws for our flow cytometry data, we calculate the autotrophic:heterotrophic count ratio (AC:HC) by dividing the total autotrophic counts (Synechococcus+Prochlorococcus+picoeukaryotes) by the total bacterial counts (Lnac + Hnac bacteria).

For particulates, the remaining 7 L of seawater was filtered through a 25 mm combusted GF/F filter via peristaltic pump. Filters were stored in combusted foil at −20°C on the ship. Once returned to land, filters were oven-dried at 60°C overnight. Dry 25 mm filters were cut in half using a sterilized ceramic blade on a gridded, backlit cutting plate. A half-filter was wrapped in an 8 × 7 mm tin capsule (EA Consumables), and double-wrapped if the filter was not completely enclosed. Samples were placed in a 48-well plate and sent to the UC Davis Stable Isotope Facility for total particulate carbon (PC), nitrogen (PN), and δ13C of PC using an elemental analyzer interfaced with an isotope ratio mass spectrometer. Limits of quantitation for PC and PN are 100 and 5 μg, respectively; long-term standard deviations on δ13C and δ15N are 0.2 and 0.3‰, respectively.

Particulate inorganic carbon (PIC) analysis was conducted on the second half of each 25 mm filter. Half-filters were placed into 12 mL Labco Exetainer tubes. Tubes were capped, evacuated, and filled with 4 mL of 10% phosphoric acid via syringe to convert all CaCO3 to CO2. Samples were then run on a Picarro-Automate autosampler system capable of measuring [CO2] and δ13C of CO2 (Subhas et al., 2019). Concentrations of CO2 were converted to a mass of CaCO3 using a standard curve of in-house Iceland Spar calcite; there was not enough CO2 to measure δ13C on these samples.

Assuming linear primary production kinetics, net primary production (μmol C kg−1 d−1) was calculated using the PC and δ13CPC data (Popp et al., 2006):
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where τ is the turnover timescale in units of d−1, tf is the incubation duration in days, δ13Csw,t0t0 is the initial δ13C of the spiked seawater, δ13CPC,tf is the final δ13C of particulate carbon, and δ13CPC,t0t0 is the initial δ13C of particulate carbon measured at t0. Turnover time (in days) was estimated by taking the inverse of τ. NPP was calculated by multiplying [PC], the final particulate carbon concentration in μmol kg−1, by τ.



Statistical analyses

Results of all analyses were analyzed to determine the statistical significance of trends as a function of alkalinity addition. We examined both dose-dependent and binary (dosage-independent) responses in our data. In some cases, all alkalinity additions (low, medium, high) were grouped together and compared to the control experiments. In others, experimental triplicates were grouped along a vector of alkalinity addition intensity (i.e., control = 0, low = 1, medium = 2, high = 3) and trends were analyzed according to this intensity vector. Both the dose independent step-response (i.e., y = a if addition intensity is 0 and y = b if addition intensity is >0) and the dose dependent linear model (i.e., y = ax+b) have two free parameters (a, b). The model selected in each case was that whose corresponding control vector better correlated to the data. Statistical significance and correlations were assessed using the Kendall rank-correlation test (Kendall, 1938). This non-parametric correlation does not assume an a priori distribution of results and is therefore useful when assessing significance of variables where the underlying correlations are not well understood. We used Kendall's rather than Spearman's rank correlation because its p-values are more conservative (i.e., equal or larger). Each incubation was treated as an individual point, rather than taking the mean of triplicate incubations. Trends that demonstrated p > 0.1 were deemed statistically insignificant.




Results


Alkalinity enhancement and secondary CaCO3 precipitation

All measured and calculated parameters are provided in Supplementary Table 1 and are available online. Our alkalinity additions demonstrate an increase in measured TA and DIC (Figure 2A), consistent with the amount of spike added to each treatment (Table 1). The calculated calcite saturation state increased as a function of alkalinity addition (Figure 2B). At each site, seawater pCO2 (Figure 2C) was constant across treatments to within ±20 ppm (Figure 2C).
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FIGURE 2
 Carbonate system parameters for the experiments. All AOI symbols are magenta squares; all AOII samples are teal diamonds. (A) Shows adjusted alkalinity (Alk; filled symbols) and DIC (open symbols) for each treatment type, shown as the mean of final triplicate and initial t0 values. Note that the “control” case was only spiked with ~5 μmol kg−1 13C-bicarbonate, and essentially represents the in situ carbonate system. CaCO3 precipitation during sample storage led to anomalous measured values for the “High” treatment, indicated by the semi-transparent, starred symbols in each panel; see text for details. (B) Shows the calcite saturation state for each of the treatment types, using the Alk and DIC values from (A). (C) Shows seawater pCO2 calculated for each of the treatment types.


Calcite saturation reached >10 in the “high” addition experiments (Figure 2B), which appears to have caused CaCO3 nucleation and growth in our sample bottles (Sun et al., 2015). Measured alkalinity and DIC values for these samples were ~1,600 and 800 umol kg−1 lower than expected values, respectively, based on the amount of spike added (Figure 2A, Table 1, Supplementary Material). In Figure 2, we denote these measurements with asterisks and provide the estimated values based on the spike addition as solid symbols. Using the initial spike and seawater compositions, the ratio of the TA to DIC decrease in these samples was 1.8–2, consistent with CaCO3 precipitation. We also observed crystal precipitates on the glass sample bottle walls of all “high” treatments and one “medium” treatment. These precipitates readily dissolved when dripped with HCl, suggesting that they were CaCO3.

We posit that this calcite precipitation occurred during sample storage, and not during the 4-day incubations, for the following reasons. Calcite precipitation is typically facilitated by including calcite seeds (Burton and Walter, 1987). Because of the low measured PIC in all of our samples, calcite overgrowth onto suspended PIC was likely insignificant. We did not observe a dose-dependent increase in t0 PIC at AOI (Table 2). At AOII, there was a slight increase in t0 PIC with increased alkalinity dosing, but this increase disappeared over the course of the incubation (Table 2, Figures 5B,D and below). In any case, the measured 10–20 nmol L−1 increase in t0 PIC would not produce a measurable signal in TA or DIC. These results suggest that CaCO3 overgrowth on suspended PIC was likely minimal.


TABLE 2 t0 information for all experiments at AOI and AOII.
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Calcium carbonate may have precipitated on the plastic walls of the cubitainer, although we did not observe any obvious precipitates or other growths on the cubitainer walls. Calcite nucleates much more slowly on non-CaCO3 substrates (e.g., quartz seeds, Lioliou et al., 2007), but we can use calcite-seeded CaCO3 precipitation rates (Burton and Walter, 1987; Zhong and Mucci, 1989; Morse et al., 2003; Lopez et al., 2009) as an absolute upper bound on the size of the precipitation effect during our 96-h experiments. Using these studies, we calculate a 4-day alkalinity decrease of 37–265 μmol kg−1, corresponding to a pCO2 increase of 7–70 ppm. These changes are relatively small compared to the −1,600 umol kg−1 Alk and +1,000 ppm pCO2 changes measured in the sample bottles (Figure 2, Supplementary Table 1).

Instead, it is more likely that the precipitation occurred during sample storage. Transfer from the 9.5L cubitainers to the 250-mL glass sample bottles provided a factor of 3 increase in surface area:volume, increasing the potential of precipitation on the glass bottle walls. Samples were stored for a long period of time before analysis (~18 months, because of limited laboratory/sample access due to COVID-19), giving ample time for nucleation and precipitation. We thus assume that inorganic CaCO3 precipitation during the 4-day experiments had a minimal effect on the carbonate chemistry during our experiments, and did not significantly impact the biogeochemical responses we observe. However, we suggest that this precipitation behavior may be consequential for seawater chemistry during sustained alkalinity additions in which saturation states >10 are maintained over longer time periods. In particular, the resulting sample bottle pCO2 of +1,000 ppm suggests that this process may switch alkalinity enhancement from an atmospheric CO2 sink to a CO2 source (Figure 2).



Initial conditions

Initial t0 samples from our experiments are shown in in Table 2 and Figure 3. At both stations, nitrate and phosphate concentrations were below 500 nmol kg−1, with slightly higher nitrate concentrations at AOII (~250 vs. 50 nmol kg−1), and higher phosphate concentrations at AOI (~20 vs. 1 nmol kg−1; Table 2). Silicate concentrations were slightly higher at AOI. Nitrate and phosphate concentrations in the AOI-“medium” experiment were raised; however nitrite and silicate did not show the same elevation (Table 2). Given the consistency of all other measurements and the nutrient trends we observe (Section Final conditions), we assume that this one sample was contaminated during nutrient subsampling, and contamination was not an issue for our incubations.
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FIGURE 3
 Flow cytometry data on t0 samples from all experimental treatments. In all panels, the magenta squares are AOI data and teal diamonds are AOII data. (A) 104 Synecococcus counts per mL. (B) 105 Prochlorococcus counts per mL. (C) 106 high nucleic acid bacterial (Hnac Bac) counts per mL. (D) Total autotrophic:heterotrophic count ratio [AC:HC = (Syn+Pro+Pico)/(Hnac Bac+Lnac Bac); see text for details].


Total particulate C (PC) and N (PN) were ~10% higher at AOI compared to AOII (Table 2). Particulate δ13C values were typical for surface bulk organic matter composition for the region (−22.8‰ and −24.2‰; Esposito et al., 2019; Close and Henderson, 2020). Total PIC concentrations were low at both stations—between 23 and 43 nmol L−1–with indistinguishable fractions of total carbon as CaCO3 (fCaCO3 ~ 3.5%, calculated on a molar basis).

Typically, initial values are used to establish consistency across incubations. Our t0 nutrient concentrations (nitrate+nitrite, nitrite, phosphate, and silicate) were stable across all alkalinity treatments, indicating no measurable nutrient contamination from the bicarbonate and carbonate salts (Table 2). However we did observe immediate, dose-dependent responses of some cell counts (Figure 3). Synechococcus counts at AOI remained constant or became elevated as a function of alkalinity addition (Figure 3A). The Prochlorococcus and Hnac bacterial counts declined as a function of alkalinity addition at both locations (Figures 3B,C). All responsive parameters showed the strongest decrease at the “high” dose, suggesting an immediate, dose-dependent response of the cell counts to the alkalinity addition. The t0 AC:HC decreased as a function of alkalinity addition at both locations, indicating a more substantial and immediate change in small-sized autotrophic counts relative to heterotrophic counts as a function of alkalinity addition (Figure 3D). We note that this metric does not account for larger autotrophs (e.g., diatoms and coccolithophores) or heterotrophs (e.g., zooplankton).

There are two potential indirect causes of these trends. First, microbial community effects could be the result of a time dependent sampling of the t0 cubitainers. Cubitainers were spiked in order, from control up to the high alkalinity dose. After spiking, the four t0 samples were immediately taken and filtered simultaneously, which took about an hour. It is unlikely that the strong response in cell counts occurred solely due to time-dependent sampling over the course of an hour. Alternatively, the effects could be due to the addition of toxic trace metals along with the alkalinity spikes. While possible, we used analytical grade reagents, and sampling/processing was done cleanly to avoid any such contamination. We also note that actual alkalinity addition will be accompanied by much larger additions of cations (e.g., Ca, Mg, and others; Bach et al., 2019), and thus these experiments represent a lower bound on microbial effects due to the addition of metal contaminants along with alkalinity. We therefore suggest that the alkalinity addition was the primary driver of our observed t0 cell counts.

The rapid response of these cell counts is hard to explain using a biological mechanism. Instead, we speculate that the mixing of our alkalinity spikes with seawater caused particle flocculation events, changing the cell concentrations in our flow cytometry subsamples. Alkaline flocculation is an established process for harvesting cells from seawater (Vandamme et al., 2015), with variable efficiencies for different microbial species (Lama et al., 2016). While circumstantial, the trends we observe are consistent with higher alkalinity enhancements leading to greater flocculation, thus causing greater decreases in cell counts directly after alkalinity addition (Figure 3, Table 2). Alkaline flocculation would also explain the differential species response to the alkalinity loading (different flocculation efficiencies), and if we happened to catch a floc during sampling, it would explain the apparent elevation of Syn at AOI. Finally, it could also explain the appearance and subsequent disappearance of PIC observed at AOII (Table 2, Sections Alkalinity enhancement and secondary CaCO3 precipitation, Final conditions).



Final conditions

At the end of the incubation (tf = 96 h), some parameters showed clear responses with notable differences between the AOI and AOII experiments. The dissolved (Figure 4) and particulate (Figure 5) responses are shown with means and standard deviations on top of the triplicate experiments. Initial t0 values are shown as gray points with the mean t0 value as a dashed gray line. Fits to the data were either performed as a linear regression, or a step-change between the control and all alkalinity addition experiments (e.g., Figure 4F vs. Figure 5F, respectively). Kendall p-values for all tf parameters are shown in Supplementary Table 2.
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FIGURE 4
 Dissolved nitrate, phosphate, and silicate concentrations for tf (black circles)and t0 (gray circles) at AOI (A–C) and AOII (D–F). The gray dashed line indicates the mean value of all t0 values. Each black circle is an individual experiment. Triplicate incubations for each condition are grouped, and the mean and standard deviation of the triplicates is shown as the colored symbol with error bars. Measurement errors determined from long-term repeat measurements over the cruise duration are shown as gray error bars. The trend shown is either a linear or step-change regression through the data. A blue line indicates an insignificant trend (p > 0.1, or within measurement error); a gold line indicates a significant trend (p < 0.05).
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FIGURE 5
 Particulate data collected from each incubation at AOI (A–C) and AOII (D–F). (A) Net primary production (NPP) as calculated in Equation 1. (B) PIC concentration in nanomoles per liter. (C) The autotrophic to heterotrophic count ratio (AC:HC). (D–F) Are the same as (A–C), but for AOII. All symbols, colors, and lines are the same as in Figure 3.


Nutrient concentrations changed from their initial values in almost all of our experimental treatments (Figure 3). Because many of our concentrations are very low, it is important to consider the measurement uncertainties and detection limits of these analyses. We show the long-term standard deviation of nutrient measurements as gray error bars on each plot for comparison to our data. At AOI, all incubations demonstrated increases in nitrate (Figure 3A), decreases in phosphate (Figure 3B), and decreases in silicate (Figure 3C) relative to t0. Final phosphate and silicate concentrations showed a small increase as a function of alkalinity dose, but these trends are not significant given the reported measurement uncertainties (Figures 3B,C). Compared to AOI, the final dissolved nutrients at AOII demonstrated completely opposite effects to alkalinity addition. Nitrate decreased and phosphate increased relative to t0 (Figures 3D,E). In addition, both nitrate and phosphate concentrations decreased as a function of alkalinity addition. These trends appear to be significant even when considering measurement uncertainties. Because we sampled cubitainers randomly, it is unlikely that the nutrient trends we observe are due to systematic, low-level contamination. Silicate did not significantly change from the control values (Figure 3F) with no significant effect of alkalinity dosing.

Measured particulate parameters share some similarities, and some differences, with the observed nutrient changes (Figure 4). Net primary production in the control experiments was slightly higher at AOI (0.13 μmol C kg−1 d−1, Figure 4A) compared to AOII (0.11 μmol C kg−1 d−1 Figure 4D), consistent with the higher Chl-a and slightly higher PC concentrations at the gyre boundary. At AOI, we observed no significant effect on NPP (Figure 4A) or the final AC:HC (Figure 4C). At AOII, NPP decreased by ~30% across all alkalinity additions, although individual treatment values are variable (Figure 4D). The final AC:HC decreased, but not significantly (Figure 4F). We observed a no significant changes in PIC concentrations at either site (Figures 4B,E, Table 2).

The FlowCam data were used to generate particle size distributions for each experiment (Figure 5). As imaged particles in all cases were dominantly nondescript aggregates rather than e.g., living large diatom or dinoflagellate cells, we interpret these to be detrital particulate material contributing to particulate stocks, dynamics, and fluxes, and hence focus on their size, which is a key determinant of particle cycling and fluxes (Bianchi et al., 2018; Cael et al., 2021). If alkalinity addition changes the distribution of particle sizes, samples will follow a different slope of log(size) vs. log(number). We diagnosed this change by taking the difference in slope between the t0 and tf particle size distributions (Supplementary Table 1). As shown schematically in Figure 6A, a more negative change in this slope is indicative of a shift toward a greater number of smaller particles, and fewer larger particles. Alkalinity addition shifted the particle size distribution toward more negative slopes (i.e., toward more abundant small particles; Figure 6B). Considering the AOI data alone, this slope change was borderline significant (p = 0.06, Supplementary Table 2). Unfortunately, several of the AOII samples were lost after collection, meaning that only the “high” AOII samples could be analyzed. These AOII samples show a similar change in slope to the AOI data, indicating that both sites' particles are shifting toward smaller sizes. Pooling the AOI and AOII data together gives a more significant change in slope as a function of alkalinity dosage (p = 0.03, Supplementary Table 2, Figure 6B).


[image: Figure 6]
FIGURE 6
 Analysis of tf particle size distributions from the FlowCam data. (A) shows a schematic of the change in slope on the particle size distribution; (B) shows measured changes in particle size distribution exponents as a function of treatment type for AOI (magenta points) and AOII (teal points), and combined points (“pooled,” magenta with teal outline).





Discussion


Primary production in the North Atlantic Subtropical Gyre

Given the longer incubation times of our experiments (4 days) compared with typical incubations (12–24 h, López-Sandoval et al., 2018), it is useful to compare our results with others from the region. In general, our incubation data is scattered, which may be caused by known bottle effects in microcosm incubations (Calvo-Díaz et al., 2011; Mahaffey et al., 2012). We did notice occasionally very high Synechococcus and Prochlorococcus cell counts in some final samples; these high counts may be due to the presence of phytoplankton-rich aggregates that can form through bacterial heterotrophy (Cruz and Neuer, 2019), or potentially through alkaline flocculation (Vandamme et al., 2015; Lama et al., 2016). We did not screen the seawater prior to incubation, so aggregates may have also formed due to zooplankton grazing. High cell counts in these samples also fits with our observations of detrital aggregates in the Flow Cam data (Section Final conditions). In spite of this variation, we observed general consistency between t0 and tf AC:HC (Figures 5C,F) and Synechococcus and Prochlorococcus cell counts (Supplementary Table 1). These agreements suggest that our incubations did not change in composition substantially over the course of the incubation, and gives us confidence in the incubation approach.

We also assess our incubation approach by comparing NPP rates to previous studies. Surface ecosystems in the subtropical oligotrophic gyre demonstrate low primary production rates (Poulton et al., 2006), coupled with strong nitrate (and phosphate) limitation (Davey et al., 2008; Moore et al., 2008, 2013). A majority of NPP data from this region comes from repeat occupations of the Atlantic Meridional Transect (AMT), a latitudinal transect that samples a wide range of biogeochemical provinces in the Eastern North Atlantic. The AMT is typically occupied either in March-April or September-October. In the North Atlantic Subtropical Gyre, most AMT stations are at the Eastern edge of the basin (often close to 20° W), whereas our stations are in the Western side at 76 °W (AOI) and just over the mid-Atlantic ridge at 41 °W (AOII, Table 1). Our incubations were conducted in January-February, and therefore both in terms of spatial and temporal comparisons, the AMT stations are useful but do not provide an exact match to our study locations. We do not expect the ~3-week difference between our two stations to contribute to differences between our two sites, given the relatively low, and stable, satellite-derived Chl-a in the subtropical gyre during January and February (Figure 1; Henson et al., 2009).

At AOI and AOII, we measured NPP rates of 0.13 ± 0.07 and 0.11 ± 0.01 μmol C L−1 d−1, respectively. In the North Atlantic Subtropical Gyre, NPP rates from 12 to 24 h 14C incubations vary from <0.1 to 0.4 μmol C L−1 d−1 (Marañón et al., 2000; Serret et al., 2001; Poulton et al., 2006). Poulton et al. reports NPP rates of 0.13–0.63 μmol C L−1 d−1 at the sea surface, and 0.04–0.12 μmol C L−1 d−1 at the chlorophyll maximum. Our rates sit at the lower and upper end of these ranges, respectively, consistent with our sampling depth (40 m) being between the surface and the chlorophyll maximum (around 120 m at our locations). In addition, the Chl-a concentration at 40° W is lower than the Chl-a concentration at 20° W, due to the large longitudinal gradient in Chl-a in the Eastern part of the gyre. It therefore follows that our NPP rates would be at the lower end of the reported range for AMT data, given our more westerly sampling locations. The general agreement between our NPP rates and these repeat-occupation AMT data gives us further confidence in our incubations, and in the effect of alkalinity enhancement on these parameters.



Alkalinity enhancement effects on seawater and its microbial communities

The minimal response of some key biogeochemical parameters (Figure 5) suggests that even high alkalinity enhancement does not cause a major stress response to these systems on the timescale of days. However, our results do demonstrate small but significant responses to alkalinity enhancement, such as the drop in NPP at AOII (Figure 4D). In general, we observe both dose-dependent effects (e.g., Figure 3) and binary responses (e.g., Figures 4C, 5F, 6). The dose-independent responses are apparent even at alkalinity additions of ~500 μeq kg−1 (Figure 2A), and suggest that ecosystems can respond quickly, but mildly, to such alkalinity additions. This addition magnitude is similar to average surface ocean conditions following extensive alkalinity addition combined with global limitation of carbon emissions (Ilyina et al., 2013; Renforth and Henderson, 2017). Of course, alkalinity enhancement within a dispersing plume may be much higher than this global mean value (Renforth and Henderson, 2017). Even at constant pCO2, alkalinity enhancement will increase both pH and calcite saturation state (Figure 2), the combination of which may lead to nonlinear and/or threshold-like short-term community responses. We further stress that our short-term incubations do not necessarily represent the longer term response of these communities to sustained alkalinity enhancement.

One proposed metric for assessing the effects of OAE is the response of calcifying organisms such as coccolithophores (Renforth and Henderson, 2017; Bach et al., 2019). Because high alkalinity doses greatly increase saturation state even at fixed pCO2 (ΩCa > 10, Figure 2B), we expected to see higher PIC concentrations driven by this higher thermodynamic driving force for calcite precipitation. Indeed, during sample storage, we saw substantial inorganic CaCO3 precipitation on the bottle walls, suggesting that on the timescale of months to years, increased saturation states may impose a negative feedback on OAE, or even cause OAE to become a source of CO2 to the atmosphere (Figure 2; Renforth and Henderson, 2017). However over the course of the incubations—a timescale of days—the changes in PIC were insignificant, suggesting little to no alkalinity effect on biologically mediated CaCO3 precipitation. The small increase in t0 PIC largely disappeared over the 4-day incubation, with indistinguishable changes in PIC from t0 to tf, and across all incubations (Figures 5B,E). The lack of PIC response to calcite saturation state suggests that net community calcification at these sites likely does not respond to alkalinity enhancement, at least over the 4-day timescale investigated here.

A lack of calcification response in our experiments is inconsistent with calcification rate increases observed in cultured calcareous algae under OAE conditions (Gore et al., 2018). It is possible that open-ocean calcifiers respond differently than algae, particularly given the unique calcification strategy of coccolithophores (Erez, 2003; Young and Henriksen, 2003). Although not a perfect analog, ocean acidification experiments might give us some insight into the response of coccolithophores to alkalinity enhancement. While generally demonstrating decreases in calcification and PIC:POC, ocean acidification culture and mesocosm experiments over a range of timescales demonstrate a range of effect intensities, depending on the species studied and the style of carbonate chemistry manipulation (Meyer and Riebesell, 2015; Riebesell et al., 2017; D'Amario et al., 2020). By analogy, it is therefore unclear whether coccolithophores will increase calcification rates in response to OAE. Future work should target individual coccolith species and how they respond uniquely to OAE, both in culture and in natural settings (Riebesell et al., 2017; D'Amario et al., 2020).

The low and invariant PIC concentrations (and fCaCO3 ~2–3%) in these systems imply that coccolithophore production is not responsible for the 30% drop in NPP observed at AOII caused by alkalinity enhancement (Figure 5D). We can parse the NPP results in terms of changes in total [PC] and changes in turnover time (calculated as 1/τ; Equation 1, Supplementary Table 1). The turnover time at both AOI and AOII did not change significantly as a function of alkalinity dosing (Supplementary Table 2). At AOI there was little change in [PC] or turnover time over the course of the incubation, leading to a negligible alkalinity effect on total NPP (Supplementary Tables 1, 2, Figure 5D). In contrast, the final [PC] at AOII was slightly lower in the treatments relative to the control (Supplementary Tables 1, 2). Despite relatively constant turnover times, this drop in C inventory manifested as a decrease in NPP per unit carbon (Equation 1). The resiliency of these plankton communities are particularly salient given their importance to overall carbon fixation in the oligotrophic Subtropics (Poulton et al., 2006; Cáceres et al., 2017).

Our NPP results demonstrate mixed responses to OAE, and the corresponding nutrient data are difficult to interpret. The observed silicate drawdown at AOI (Figure 4C) indicates that there may have been increased diatom frustule production. In contrast, silicate concentrations remained stable over the incubation duration at AOII, suggesting little to no net silica production (Figure 4F). We observed a complete drawdown of phosphate at AOI (Figure 4B), suggesting that nutrients were being consumed to fuel NPP. However, nitrate concentrations increased (Figure 4A), suggesting a decoupling of N and P cycling during incubation. Nutrient results at AOII were similarly decoupled. We saw net nitrate drawdown, and a small but measurable increase in dissolved phosphate, particularly in the control (Figures 4D,E). These nutrient changes did not transfer to the particulate phase; there was no significant change in the particulate C:N ratio at either AOI or AOII (Supplementary Table 1).

The apparent decoupling between nitrate and phosphate may be related to mixotrophy in the North Atlantic Oligotrophic Gyre (Hartmann et al., 2012). Instead of algal control, bacterial clades may dominate the phosphate uptake (Zubkov et al., 2007), and may even contribute to nitrogen fixation (Dyrhman and Haley, 2006). This microbial control likely exerts an influence on the relationship between particulate and dissolved phases, and more importantly here, may impact the system's short-term response to alkalinity enhancement. The subtly different incubation responses at our two locations may be partially set by the oceanographic setting underlying these two communities. On the Western side of the gyre boundary, greater nutrient supply via submesoscale mixing with the Gulf Stream (Wenegrat et al., 2020) may support a more dynamic ecosystem compared to the more quiescent central gyre. Metagenomics and/or transcriptomics could help fully unpack the short-term shifts we observe. Regardless, our results underscore the importance of investigating the effects of alkalinity enhancement on a diverse set of marine ecosystems.



Alkalinity enhancement effects on particle size distributions

Particle size distributions appear to reflect the observed changes in biogeochemical parameters at both stations (Figure 6B). The barely significant particle size decrease at AOI (p = 0.06) is consistent with the minimal impact of alkalinity dosing on NPP, PIC, and AC:HC at that location (Figures 5A–C). Thus, despite some treatments displaying substantially smaller particle size distributions (e.g., the very negative “low” and “high' points, Figure 6B), the immediate biogeochemical impacts appear minimal. The available data from AOII “high” treatments demonstrate a significant decrease in slope of about 0.3 relative to t0. These AOII results are consistent with decreased NPP at high alkalinity doses, which may be driven by a relative increase in respiration causing increased disaggregation, as has been seen in natural systems (Bianchi et al., 2018; Omand et al., 2020). Overall, these slope changes imply about a factor of 2 increase in small particle abundances at the “high” alkalinity treatments.

A shift to smaller particle sizes may reflect changes in key biogeochemical processes. These processes may include community shifts and thus a change in the style of biomass production. In addition, particle size distributions are affected by aggregation and disaggregation processes that are important for carbon export more broadly (Burd and Jackson, 2009). Because our experiments were conducted in microcosm cubitainers, we did not directly measure sinking rates and we cannot speculate on the direct impact of this particle size distribution shift on carbon export. While the relationship between particle size and sinking speed is variable and can even be insignificant or negative in some cases (Iversen and Lampitt, 2020; Laurenceau-Cornec et al., 2020; Cael et al., 2021), metastudies indicate that on the whole larger particles sink more quickly through the water column than smaller ones, and the relationship between particle size and sinking speed is nearly always significantly positive (Laurenceau-Cornec et al., 2020; Cael et al., 2021). Measuring particle size distributions at locations where alkaline fluids are mixing with seawater may be especially important, given the potential for flocculation of biological material during seawater alkalinization (Figure 3; Vandamme et al., 2015). The relationship between particle size distributions and alkalinity enhancement must be further tested in more locations and ecosystems; but also in experimental systems at a variety of scales, including field trials.



Considerations for future OAE experiments and deployments

Microcosm incubations are a valuable oceanographic tool because of their relative simplicity, their feasibility, and their long history of use in testing responses of the microbial community to a variety of chemical stresses (Moore et al., 2013). It is therefore useful to follow well-established “microcosm” protocols (Mahaffey et al., 2012; Moore et al., 2013). Continuing these experiments will be a cost-efficient way to test the short-term response to OAE across a wide parameter space, on ships of opportunity, in dedicated OAE field trials, and in coastal seawater facilities. However, adapting the incubation approach to studying OAE requires specific methodological considerations. Our results underscore some issues for these experiments, and for OAE studies more generally.

First, careful consideration must be given to the method of alkalinity enhancement in natural community experiments. For air-equilibrated alkaline seawater, the disturbance to natural communities created by bubbling rules out sparging with air. In addition to its effects on the community, bubbling will equilibrate seawater with air, while surface seawater demonstrates a large range of pCO2 and is often out of equilibrium with the atmosphere (Cai et al., 2020). Therefore, it may be preferable to add alkalinity in a ratio that maintains the original pCO2 of the seawater (Table 1). This addition will require knowledge of the initial seawater carbonate chemistry, and potentially its variability through time. We recommend using underway pCO2 measurements (e.g., SOCAT, Bakker et al., 2016) and/or discrete TA/DIC analyses (e.g., GLODAP, Lauvset et al., 2021) to estimate the target site seawater pCO2, and design the alkalinity spikes to reach the desired pCO2 without the need for bubbling.

Second, the impact of abiotic CaCO3 precipitation must be considered when designing OAE experiments. While precipitation does not appear to have affected our biological results, it does place practical limits on alkalinity enhancement experiments. Here, even air-equilibrated alkalinity enhancements of +2,000 umol/kg caused CaCO3 precipitation and a subsequent elevation of seawater pCO2 well above atmospheric values (Figure 2). Experiments testing these high alkalinity enhancements should be carefully designed to mitigate the precipitation of CaCO3, and their potential effects on the biological system. Storage time of discrete samples for analyses of carbonate system parameters should be kept as short as possible. Currently, there are few studies that predict thresholds for CaCO3 precipitation in natural seawater (Pokrovsky, 1998; Moras et al., 2021; Hartmann et al., 2022), and these experiments should be prioritized. We suggest that alkalinity loadings be limited to ~+1,000 μmol kg−1 for biological experiments to avoid potential precipitation issues. Unequilibrated alkalinity loadings will need to be much lower. In addition to experimental concerns, it is likely that abiotic CaCO3 precipitation will set the practical carrying capacity for real-world OAE deployments, and thus set limits on their ultimate efficiency.

Third, we note the immediate effects of alkalinity addition on our cell counts, and speculate that they might be driven by flocculation during the mixing of alkaline solutions with seawater (Figure 3; Vandamme et al., 2015; Lama et al., 2016). Although our effects appeared to dissipate over the course of our incubations, they should be considered when designing future experiments and sampling strategies, and may be related to our observed changes in particle size distributions (Figure 6). We suggest that sufficient time be given between alkalinity spiking and initial sampling to minimize any possible flocculation effects on experimental results. Flocculation efficiency may be related to surface charge characteristics of particulate matter (Vandamme et al., 2015) and therefore may require dedicated study across a variety of different particle types found in natural seawater.




Conclusion

Given the potential for OAE to help society mitigate the worst effects of continued CO2 emissions, research must be performed to assess its viability and scalability. Clearly, OAE has the potential to neutralize a substantial portion of all anthropogenic CO2 emissions. However its scalability relies on a careful assessment of the associated risks to marine communities and ecosystems in situ. Here, we have demonstrated some measurable short-term effects of enhanced alkalinity on two natural microbial communities in the North Atlantic Subtropical Gyre, although many were not statistically significant. We note the potential for inorganic CaCO3 precipitation driven by high saturation states on the timescale of months to years, and the potential for flocculation of particulate cellular matter driven by the mixing of alkaline solutions with seawater. These effects place limits on our ability to test the effects of OAE at high alkalinity loadings, and potentially influence maximum addition thresholds. Despite these abiotic considerations, particulate calcium carbonate concentrations did not measurably increase in our incubations even at high saturation states, suggesting a negligible response of biological calcification to OAE. In addition, NPP remained constant at the gyre boundary station, and only moderately decreased at the central gyre station. These results suggest that a broader range of organisms, not just marine calcifiers, drive the ecosystem response to OAE.

The differing short-term stress responses at these two locations indicate that ocean ecosystems may exhibit unique responses to OAE, requiring a concerted effort to study these effects at multiple spatial and temporal scales. However, the relatively mild response of these systems demonstrates that alkalinity enhancement may not cause a major disturbance to primary production processes occurring in the oligotrophic subtropical gyre. Here we investigated the immediate effect of carbonate alkalinity alone, and future work should also focus on the multiple stressors associated with alkaline mineral dissolution into seawater (e.g., Mg, Ca, and trace constituent enhancements). It remains to be tested whether open-ocean microbial communities will be able to adjust to sustained, steady-state alkalinity addition. In any case, alkalinity point-sources and plumes, if deployed at scale, will likely need continual monitoring of these abiotic and microbial effects.
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